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FEATURED RESEARCH

SUMMARY hemispherical hull components with minimum risk.
To demonstrate the capability of alumina ceramic

for pressure hull applications, a 26-inch outer
REQUIREMENT diameter (OD) by 91-inch-long cylindrical pressure
There is a continuous need for deep-submergence housing assembly was designed for a service

unmanned underwater vehicles (UUVs) in the depth of 20,000 feet (9,000 psi), assembleL, and

search, salvage, exploration, and surveillance of subjected to a rigorous pressure-testing program.

the ocean floor. These vehicles require pressure- Testing of the 26-inch-(D housing was to include

resistant housings, or complete pressure-resistant a proof test to an external pressure of 10,000 psi

hulls to provide a dry, one-atmosphere environ- (1.1 times the design operating pressure) and

ment to onboard equipment such as electronics 500 external pressure cycles to 9,000 psi.

and batteries. To maintain neutral buoyancy while RESULTS
submerged, the pressure-iezsistant hulls must be
light enough to provide excess positive buoyancy All three major alumina ceramic subassemblies
that will compensate for the in-water weight cf (the major ic s ubassemi-
vehicle hardware. Maximum pressure hull buoy- (the cylindrical hull and its forward and aft hemi-
ancy is achieved by fabricating the hulls with struc- spherical end closures) survived proof tests toItural materials that have high values of specific 10,000-psi external pressure. The alumina hemi-
compressive strength and specific elastic modulus spherical end closures designed for the 26-inch-
(reference 7). OD pressure housing also have demonstrated the

capability to survive 500 external pressure cycles

APPROACH to design depth without catastrophic failure. Suc-
cessful completion of such a high number of dive

Of the availabie structural materials for pressure cycles ensures that large ceramic housings can be

hull fabrication, ceramic materials possess the constructed which proviC(e an adequate safety

highest values of specific strength and modulus. margin against failure by fatigue. The 26-inch-OD

A study of commercially available ceramic com- housing assembly has a dry weight of 876 pounds

positions reveals that 96-percent aluminum oxide while displacing 1,496 pounds of seawater when

ceramic (alumina) is currently the best candidate submerged, resulting in a net lift of 620 pounds

for the design of UUV pressure-resistant enclo- (weight/displacement=.585). This represents a

sures. Alumina has excellent structural prop- three-fold increase in lift over a titanium rib-
erties, its raw material costs are low, and its stiffened pressure housing designed to the same
fabrication technology has been adequately devel- operational requirements (identical external dimen-

oped to allow manufacture of large cylindrical and sions and design depth).
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INTRODUCTION which is approximately t, "ee times the lift obtained
from an equivalent rib-stiffened titanium 26-inch
:iousing designed to the same operational require-

This report documents the fabrication, inspection, ments (reference 1).
assembly. and pressure testing performed in sup- The 26-inch-OD housing represents part of the fifth
port of a 26 inch outer diameter (OD) by 91 -inch- generation of ceramic housings designed zd
long ceramic pressure housing designed at the tested at NRaD to demonstrate the feasibilh÷ of
Naval Command, rnntrol and Ocean Surveillance cons'ructing pressure-resistant housings fo. deep-
Center (NCCOSC), R[)T&E Division (NRaD). The submergence applications with alumina ceramic as
28-inch-OD housing is one of two large housings the primary structural materia!. Each generation of
to be designed and tested by NRaD. The second housings has evolved by fabricating proqressively
pressure housing will be a 33-nch-OD by 113-inch- larger ceramic hufl components (references 12
long assembly. through 16). The 26-inch-OD and 33-inch-OD

This is the fifth o0 six reports documenting NRaD's housings represent the largest ceramic underwater
investigation into using alumina ceramic hulls for housings that have been assembled and pressure
large external pressure housings on unmanned tested to date. Each housing is capable of acting
underwater vehicles (UUVs'. Two of these reports as a dry one-atmosphere enclosure for batteries
explore metallic jcŽ t ring design and bonding tech- and electronics for UUVs with depth capabilities to
niques for ceramic external pressure housings (ref- 20,000 feet.
erences 2 and 3). Documentation c' the design The objective of the development of the 26-inch-
and structural analysis perform ed for the 26-inch- OD housing was to show that large alumina-
OD and 33-inch-OD housings along with engineer- ceramic housings will perform safely and reliably
ing drawings for each of the housing components while exceeding the performance of traditional
is covered in a third report (reference -i ,. A fourth metallic enclosures. The following issues had to
report presents findings of external pressure tests be addressed to demonstrate the feasibility of
performed on a half-scale model of the 26-inch-OD large ceramic external pressure housiigs:
housing (reference 16). The final report of this
series covers results of pressure testing of the a Fab; ;cate large alumina htili components
33-inch-OD alumina-ceramic pressure housing that possessed the structural integrity
assembly (reference 5). required for UUV pressure housings

The outstanding benefit of using ci.ramic mate- ° Qualify methods of assuring quality control
rials like alumina in the construction of pressure- of large alumina hull components using non-
resistant hulls for UUVs lies in the low housing destructive evaluation (NDE) techniques
weight-to-displacement (W/D) ratios that can be ° Establish acceptability criteria for defects in
utntained. A lower W/D ratio implies that the pres- alumina pressure hull components
sure housing will pruvide increased buoyancy to
the vehicle assembly, allowing the system to be a Incorporate design concepts from earlier-
designed for optimal performance. Lower W/D generation prototype housings into full-scale
ratios are achievable with ceramic materials housings
because of their excellent specific compressive • Develop procedures for assembling a large
s'trengths and specific elastic modulus when ceramic ,oiising with adhesively bonded
compared to other hu, iilaterial candidates such as metallic ,oint rings
titanium. The calculated W/D ratio of the 26-inc,
housing is 0.585, based on a dry structural weight These issues, as well as the results of the ,res-
of 876 pounds and a displacement in seawater of sure tests and rost service inspection performed
1,496 pounds. Thus, the ceramic 26-inch housing on the 26-inch-OD ceramic housing assembly are
provides a net lift of 620 pounds to a UUV system, addressed in the various sections of this report.

1
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FABRICATION resulting material is referred to as processed alu-

mina powder. I
ALUMINA-CERAMIC COMPONENTS The next step in fabricating alumina hull compo-

The ceramic cylinders and hemispheres used as nents is to transform the processed alumina pow- I
the meaminchu cylinders ad themispheresousedas der into a green body (green compact) by forming
the main hull components of the 26-inch housings the powder into shapes using isostatic pressing.

were fabricated by WESGO, Inc. of Belmont, CA, lsostatic pressing involves filling a muld (as shown
using their alumina-ceramic composition AL-600. in figure 5 for the 25-inch-OD cylinders) with pro- I
AL-600 consists of 96-percent alumina (aluminum cessed alumina powder and applying uniform

oxide) crystals with an average grain size of external pressure to the mold in a hydrostatic pres-
8 microns. The remaining 4 percent of the ceramic sure chamber. The isostatic pressing mold has a
body consists of additives that aid in bonding the lubricated internal steel mandrel and an outer flex-
aluminum oxide crystals together. These binders ible elastomeric bag (isobag) with accessory hard-
are primarily oxides of silicon, calcium, and mag- ware for sealing and handling the mold during
nesium. AL-600 was selected over other alumina pressing. Figure 6 shows the mold with alumina
compositions because it offered the best tradeoff powder encased as it is being lowered into a
between mechanical properties and the capacity to hydrostatic pressure chamber for isostatic
be economically fabricated into large hull shapes. pressing. The isostatic pressing was performed at I
Table 11 compares the properties of AL-600 with the Arctic Submarine Laboratory (ASL) of the
other alumina compositions available from Naval Undersea Warfare Center Division, Keyport,
WESGO. Figure 1 shows manufacturing methods WA. This ASL pressure chamber is routinely used
that have been developed for fabricating parts from by the industry for isostatic pressing of large
alumina ceramic. The path indicated by the dashed ceramic components.
line outlines the .teps used to fabricate the alu-
mina components for the 26-inch housing. Once inside the chamber, the mold assembly is I

slowly pressurized to a maximum pressure ofThe 26-inch housing consisted of two alumina cyl- 10,000 psi, held for a period of 10 to 20 minutes,
inders for the cylindrical porion of the hull with alu- and then gradually decompressed. The isostatic
mina hemispherical bulkheads as af, and forward pressing process was selected over other forming U
end closures. Both cylinders had a 25-inch OD, methods to compact alumina powder. Other
0.90-inch-thick walls, and a 31.90-inch length (per methods such as slip casting and extrusion were
drawing 55910-0127544 shown in figure 2). The inappropriate because of their size and thickness1
Type 4 and Type 6 alumina hemispheres used as limitations. Additionally, the uniform compaction
end closures also had 25-inch ODs at their equato- associated with isostatic pressing results in fin-
rial skirts (per drawings 55910-0127649 and ished parts that have more reliable material prop-
55910-0127755 shown in figures 3 and 4). All four erties than obtainable from these alternative
of these components were fabricated by isostatic forming techniques. After the isostatic pressing is
pressing. The first step of this process is the alu- completed, the mold is taken from the pressure
mina powder preparation where alumina particles, chamber, the isobag is removed, and the green I
binders, and water are milled together to create a body is slid off the lubricated steel mandrel
well-blended slurry. A spray dryer is used to atom- (figures 7 and 8). At this point, the green body is
ize the slurry to create uniform, free-flowing pow- ready to be transported for green machining
der agglomerates consisting of spherical particles (fig-ure 9). Figure 10 shows the mold used to form
of alumina and binders. This agglomerate is 25-inch-OD hemispheres used for the 26-inch
screened for the desired particle size, and the housing, while figure 11 shows a green body for a

25-inch-OD hemisphere after isostatic pressing
has been completed. Both the forward and aft
head hemisphere designs were fabricated using

'Figures and tables are placed at the e-d of the text. the same isostatic pressing mold. i

2
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Green machining is performed on each of the were used to finish grind the axial bearing surfaces
green bodies after pressing to remove excess of each of the alumina hull components.
material or to create design features that could not
be introduced during the foiining process. Material Each step of fabrication has risks. Manufacture of
removal is more easily accomplished when the low quantities of unique ceramic parts, as used in
ceramic body is in the green state than after it has the 26-inch housing, typically requires that extra
been fired. After each part is green machined, it is parts be isostatically pressed to provide a safety
then ready to be fired (sintered) in a kiln. Sintering margin against problems that may arise during fab-
the green body results in consolidation of the rication. Four cylinders were pressed to yield the
ceramic body to achieve the physical and mechan- two finished parts required for the 26-inch-housing
ical properties of the finished part. This consolida- assembly. Similarly, eight hemispheres were iso-
tion process results in net shrinkage of the ceramic statically pressed to yield the two hemispherical
body by between 15 and 20 percent requiring spe- end closures needed.
cial care in handling the ceramic component during Mechanical and physical properties for each of the
firing to minimize distortion. delivered 26-inch-housing alumina-ceramic AL-600

components were generated through tests per-
After the parts have been fired, machining to fin- formed on material specimens taken from each
ished dimensions is performed by diamond grind- part, or from specimens co-processed with each
ing. A diamond grinding wheel is metallic with part, from the identical alumina powder lot. These
diamond grit embedded on its surface, with a soft tests were used to measure compressive elastic
metal or organic resin matrix. The parameters modulus, compressive strength, flexural strength,
involved in diamond grinding such as infeed rate, Weibull Modulus, and density. A summary of the
wheel speed, coolant type, grit size, and con- average values for each of the parameters is pres-
centration are critical to achieving the desired sur- ented below for the 25-inch-OD cylinders (part
face finish with a minimum amount of subsurface numbers 544-3 and 544-4) and the 25-inch-OD
damage (reference 9). The following table lists the hemispheres (649-4 and 755-4). More detailed
grinding procedures used by WESGO to finish the results of these tests are presented in appendix A.
alumina components used in the 26-inch-housing3 ~ ~~assembly: _ _ _ ___

a s s e m b l y : C y lin d e r P a r t 5 4 4 -3 5 4 4 -4
Item Roughing Finishing Number

Parameters Parameters compressive 48.87 Mpsi 48.68 Mpsi
Material to 1.0 inch 0.01 to 0.02 inch modulus
Removal compressive 387.3 kpsi 412.9 kpsi
Infeed Rate (in) 0.0005 - 0.001 0.0005 - 0.001 strength

Wheel Surface 4,000 fpm 4,000 fpm flexural strength 43.5 kpsi 43.6 kpsi
Speed Weibull Modulus 29 28
Coolant Water-base Water-base density 0.136 lb/in3  0.136 lbfin3

lubricant, lubricant, dniy016b/n0.3 Ibn
sprayed, filtered sprayed, filtered Hemisphere 649-4 755-4

Wheel Type metal bonded resin bonded Part Number
diamond diamond compressive 45.41 Mpsi 48.26 Mpsi

Grit Size 100 180- 320 modulus
Concentration 75-100 75 -100 compressive 409.3 kpsi 359.7 kpsi
(%) strength

flexural strength 50.3 kpsi 50.3 kpsi
Weibull Modulus 18 19

Wheels of 180 grit were used to finish grind all cir-

cumferential surfaces, while wheels of 320 grit density 0.135 lb/in3  0.136 lb/in 3

3



I
FEATURED RESEARCH I
Compressive elastic modulus was determined In order that each of the major subassemblies of
using pulse-echo techniques on eight specimens the 26-inch housing (cylindrical hull section and
f-r each part. Uniaxial compressive strength mea- two hemispherical end closures) could be proof
surements were performed using ten 1/4-inch- tested separately, two steel alloy hemispheres
diameter by 1/2-inch-long cylindrical specimens for were designed to be interchangeable with the I
each part. Flexural strength measurements were alumina-ceramic hemispherical end closures.

performed by subjecting twenty 2-inch-long by 1/4- These hemispheres were fabricated from the 4340
inch-wide by 1/8-inch-deep chamfered specimens steel alloy billets shown in figure 20. The hemi-
for each part to four-point bending. Weibull Modu- spheres were rough macnined prior to welding a
lus was based on flexural strength specimen data. lifting lug into place. After welding, each hemi-
The density of AL-600 ceramic was determined sphere was heat treated to achieve a minimum
acoustically with the same eight specimens for ultimate tensile strength of 180,000 psi and then £
each part used to determine the compressive was finished machined. A completed steel hemi-
modulus. spherical end closure is shown in figure 21.

The Type 6 alumina-ceramic hemispherical end
METALLIC COMPONENTS closure used as the forward head of the 26-inch

housing contains six ports, each consisting of a
In addition to the 96-percent alumina-ceramic through hole in the ceramic shell fitted with a tita-
hulls, the other primary structural components nium insert. Inserts for two of these ports contain
used in the assembly of the 26-inch housing were military straight threads for pressure-relief valves.
the titanium end-cap joint rings and the titanium The penetrations for the remaining four ports con- U
central-stiffener joint ring used at the interface tain 1.500-12UNF-2B threads for electrical connec-
between adjacent ceramic sections. Engineering tors or electrical feed-throughs. The pressure-
drawings of each of the three joint rings used in the relief valve ports and electrical connector ports
26-inch-housing assembly are shown in figures 12, were achieved via assembly of the hardware as
13, and 14. Figure 15 shows the titanium alloy shown in figures 22 and 23. The bottom row of
"Ti-6AI-4V rolled ring forgings from which the end components in figure 22 shows the pressure-relief
caps and central stiffener for the 26-inch housing valve insert piece parts both individually and I
were machined. Typical values of 167,000 psi and assembled together. The top row of figure 22
158,000 psi for the ultimate tensile strength and shows plugs that mate with the pressure-relief
yield strength were reported for these forgings. valve ports that were used during pressure testing. I
Figure 16 shows a single ro~led ring forging being The bottom row of figure 23 shows the individual
rough machined into an end-cap joint ring for one components used to provide the threaded ports for
of the 26-inch-housing alumina hemispherical end electrical connectors and feed-throughs in the for-
closures, ward head end closure. The top row of figure 23

shows the assembled insert piece parts together,
Prior to joint ring finish machining, fixtures were along with both a plug and strain-gage-wire feed
used to weld ears to the inner flange of each cylin- through that mate with the electrical connector I
der end-cap joint ring (figure 17). Electron beam insert assembly.
welding was used where possible to minimize dis-
tortion in the finished rings. The ears provided a All titanium insert components were machined
means of mounting internal hardware such as pre- from Ti-6AI-4V alloy bar stock, while mating plugs
tensioned tie rods and payload rails. Figure 18 and feed-throughs were machined from corrosion-
shows a rylinder end-cap joint ring after final resistant steel alloys (type 303 or type 17-4PH).
machining. Figure 19 shows the central stiffener The washer and spacer used to isolate the sur-
used to join the two 25-inch-OD alumina cylinders faces of the titanium insert from the alumina shell
together to construct the cylindrical hull portion of were machined from laminated sheets of cotton-
the 26-inch housing. fabric reinforced phenolic. I

4
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COMPOSITE COMPONENTS procedure was developed to ensure the quality.
n aThis inspection involved a complete comparison ofIn addition to using ceramic and metallic compo- each part against the dimensions and tolerances

nents to construct the 26-inch-housing assemblies, specified on the engineering drawing. In addition,

composite materials also were utilized to fabricate both surface and volumetric inspection techniques

an external fairing to protect the ceramic hull com- we re e l d told ete c fa so ect s that
ponets gaint ipactandto fbriate earng- were employed to detect flaws or defects that

pontents against impact and to fabricate bearing- could affect the structural performance of the

surface gaskets to protect the ends of the ceramic cou sing a embly.

I hull sections. Figure 24 shows the fairing compo-

ne-ts used to protect both the cylindrical section The dimensional inspection data sheets for each of
and the forward and aft head end closures for the the 26-inch-housing alumina hull components are
26-inch-housing assembly. The fairing compo- presented in appendix B. Of specific interest are
nents were fabricated from a prepreg cloth woven the very tight dimensional tolerances and excellent
with Spectra, an extended ultra-high molecular- surface finishes that can be achieved by diamond
weight polyethylene fiber developed by Allied Sig- grinding. The range in tolerance for the outer
nal, Inc. Fabrication was performed by Advanced diameter and wall thickness of each of the cylin-
Composite Technologies of Sparks, Nevada via ders ranged around plus or minus 0.002 inch which
hand lay up of prepreg cloth (Spectra 1 O0OPT/ exceeds the tolerances specified on the engineer-
RS-1, fabric style 985) on a hard mold. The lay up ing drawing for these parts. Similar tolerances
for each part was then vacuum bagged and cured were obtained for the alumina hemispherical com-
in an autoclave. Typical average mechanical prop- ponents used for the forward and aft head assem-
erties for this material as determined from test blies.
specimens co-processed with the fairing compo- The surface finish called out on the engineering
nents are as follows: drawing for the axial bearing surfaces of the cylin-

compressive strength: 8.1 kpsi ders and hemispheres was specified as 16 micro-

tensile strength: 60 kpsi inches. Inspection of the dimensional data sheets
tensile modulus: 2.4 Mpsi for these parts reveals that the surface finish

ranged from 5 to 14 microinches as measured with
flexural strength: 21.3 kpsi a diamond stylus indicator. In addition to the finish
flexural modulus: 2.4 Mpsi inspection of each component, a visual inspection

Annular gaskets machined from autoclave consoli- using liquid dye penetrant was performed to

dated panels of graphite fiber-reinforced (GFR) inspect the surface for defects such as cracks,

poly-ether-ether-ketone (PEEK) matrix composite blister, holes, porous areas, or inclusions. The
were to serve as gaskets for protection of the axial alumina-ceramic components also were visually

bearing surfaces of the 26-inch-housing alumina inspected to ensure that the surface of each part

hull components. Each consolidated panel used to was uniform in color and texture, and was free of

fabricate the bearing-surface gaskets consisted of any adherent foreign particles.

eigrht plies (0/90) of prepreg cloth (APC-2/AS4
matrix and fiber) resulting in a 0.040-inch-thick NONDESTRUCTIVE EVALUATION
part. In order to inspect each ceramic component for

PRE-SERVICE QUALITY CONTROL OF internal flaws, a rigorous NDE plan was deve!oped

ALUMINA-CERAMIC COMPONENTS using both ultrasonic and radiograph techniques.
- Witness standards were used for calibrating ultra-

sonic equipment in order to inspect the 26-inch-
DIMENSIONAL INSPECTION housing ceramic parts procured from WESGO.

The engineering drawing used to fabricate these
After fabrication of each of the 26-inch-OD housing standards is shown in figure 25. Each standard
alumina hull components, a rigorous inspection is fabricated from the same 96-percent alumina
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composition (AL-600) used for each of the ceramic larger shall be marked on the exterior surface
hull components. Controlled flaws were introduced of the ceramic part to aid all further NDE. Any U
into these standards by placing pore-forming mate- indications determined to be on the order of
rials into the processed alumina powder prior to 0.050 inch or larger shall be subsequently
isostatic pressing. Pore-forming materials such as radiographed to further characterize the
sugar, nylon, and polyethylene were selected that shape and location of the flaw. All radiograph
would pyrolize during sintering and leave an inter- film shall be included with A-scans and
nal cavity of known size, shape, and location. C-scans in the final NDE report for each

ceramic part. I
These witness standards were mounted in a fixture 2. A +45 degree angle beam circumferential
(figure 26) as shown in figure 27. This assembly shear wave C-scan inspection shall be per-
then could be used for calibrating the ultrasonic formed on each of the 26-inch-housing
equipment. A typical ultrasonic C-scan of a single ceramic components based on the index and
witness standard is shown in figure 28 for calibra- settings obtained from calibration with stan-
tion standard SK9402-093-C2 (0.030 pores scat- dard SK9402-093-C2. A shear wave C-scan
tered over approximately half the length of the recording of the calibration standard w
standard). The original procedures for NDE of the SK9402-093-C2 with equipment and settings
26-inch-housing alumina components were as used shall be provided with the final NDE
follows: report for each part. Any subsurface indica- I
1. Ultrasonic equipment shall be calibrated to tion on the order of 0.050 inch or larger shall

detect the inclusions present in the 0.030-inch be radiographed. A -45 degree angle-beam

pore-calibration standard SK9402-093-C2 circumferential shear wave C-scan shall be

with a pulse-echo longitudinal wave C-scan. performed on the 26-inch-housing ceramic

Scanning of the 0.030-inch pore-calibration components. All new indications on the order

standard shall be done at both a 0.010-inch of 0.050 inch or larger shall be radiographed. I
and a 0.030-inch index. If the 0.030-inch C-scans and radiographs, if required from

index scan detects all 0.030-inch pores as both shear wave inspections, shall be

indicated by the 0.010-inch index scan, then included in the final NDE report for each part. 3
the 0.030-inch index shall be used for all sub- The intent of performing pulse-echo shear wave
sequent inspections of the 26-inch-housing C-scans in addition to the pulse-echo longitudinal
ceramic components. A pulse-echo longitudi- C-scan was to aid in detecting near-surface flaws
nal wave C-scan recording of the 0.030-inch that might be missed by the longitudinal scan.
pore-calibration standard with a description of After inspection of the first 25-inch-OD ceramic
equipment and settings used shall be pro- cylinder (part 544-3) it was determined that the
vided with the final NDE report for each part. longitudinal C-scan was able to detect all internal I
Using the settings and index determined flaws that existed, including the near-surface flaws
above, a pulse-echo longitudinal wave C-scan that were present. In addition, it was decided that
inspection shall be performed on each of the subsequent inspection of parts would be per-
26-inch-housing ceramic components. formed after each part had been rough finished
A-scan recordings of all internal indications on only. This would eliminate investing time and
the order of 0.030 inch or larger shall be pro- resources in finish grinding a part that might later
vided. Any indications larger than 0.030 inch be rejected because of internal defects. Inspecting
shall be reinspected using either the 0.050- rough-ground parts eliminated the need for near-
inch pore-calibration standard SK9402-093- surface flaw detection via shear wave C-scans
E2 or the 0.100-inch pore-calibration standard since the near surface was to be removed later in I
SK9402-093-F2 as required to determine the final grinding. Consequently, the second
approximate size of the flaw. The locations of 25-inch-OD cylinder (part 544-4) and both
all indications on the order of 0.050 inch or 25-inch-OD ceramic hemispheres used for end
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closures were ultrasonically inspected using a covered with a composite fairing for impact protec-
pulse-echo longitudinal C-scan only. tion. The assembly drawing of the 26-inch-housing

Ultrasonic inspection of the first 25-inch-OD alu- cylindrical hull is shown in figure 29.

mina cylinder (part 544-3) detected the presence Various simple fixtures were designed to aid in the
of 13 internal pores on the order of 0.030 inch or assembly of the 26-inch-housing cylindrical hull as
larger Three of these voids (UT-1, UT-3, UT-1 3) shown in drawing SK9402-099 (figure 30). The
were approximately 0.050 inch in size. The depths fixtures and cradles are shown in figures 31
of these three flaws varied as determined from and 32. The assembly of the 26-inch-housing
A-scans generated for each flaw. UT-1 occurred at cylindrical section was performed in six steps.
a depth of 0.130 inch from the part OD, UT-3 The firsttej2 involved bonding GFR PEEK com-
occurred at a depth of 0.750 inch from the part posite gaskets to the axial bearing surfaces of
OD, and UT-13 occurred at a depth of 0.335 inch each alumina cylinder. Prior to bonding, the sur-
from the part OD. All of the ultrasonic inspections faces of the composite gasket and the bearing
were performed at Sonic Testing and Engineering, surfaces of the cylinder were cleaned with methyl
Inc. of Southgate, California by immersing the ethyl ketone (MEK). A composite gasket was then
ceramic components individually in a large water- centered on a cylinder end with the aid of the fix-
filled tank. ture SK9402-099-10 (figure 30). The interface

Ultrasonic inspection of the second 25-inch-OD between the gasket and the OD of the cylinder
alumina cylinder (part 544-4) detected four internal was sealed with five-minute epoxy and allowed to
voids on the order of 0.030 inch or larger. One of dry. Fixture SK9402-099-10 was removed, and the
these defects (UT-4) appeared to be siightly larger interface between the gasket and the ID of the
than 0.050 inch and was located at a depth of cylinder was sealed with five-minute epoxy. This

0.447 inch from the part OD. process was completed for both ends of each of

Ultrasonic inspection of the Type 4 and Type 6 the two alumina cylinders.

25-inch-OD hemispheres (parts 649-4 and 755-4) The second step involved bonding the central-
did not reveal any internal discontinuities greater stiffener joint ring to one end of the alumina cylin-
than 0.030 inch, and, consequently, both parts der used for the first bay. Figure 33 shows the first
were accepted for assembly without subjecting cylinder being lowered into the U-shaped epoxy-
them to radiography. Radiographs taken of all filled gland in the central-stiffener joint ring. The
indications on the order of 0.050 inch in size found other end of the cylinder was protected during this
in the two cylinders showed these flaws to be inter- step by a dry fit of one of the titanium end-cap joint
nal pores, and, as a result, both cylinders were rings. The U-shaped gland of the central stiffener
accepted. The internal pores found most likely was depassivated and cleaned with MEK before
resulted from impurities that existed in the pro- assembly. Exterior surfaces of the central stiffener
cessed alumina powder prior to isostatic pressing then were coated with a layer of silicone-based
of each part. mold release to aid in the cleanup of excess epoxy

after bonding had been completed. A mixture of
ASSEMBLY 100 parts CIBA GEIGY 6010 epoxy resin and 70

parts CIBA GEIGY 283 hardener was degassed in
a vacuum chamber. The U-shaped gland in the

CYLINDRICAL HULL SECTION central stiffener was partially filled with the epoxy
mixture and centered on an aluminum base plate,The cylindrical hull section consists of two S90-9- fgr 0,wt h i fawo~

25-inch-OD alumina cylinder bays joined by a tita- SK9402-099-1 (figure 30).
nium central-stiffener joint ring. Remaining cylin-
der ends are encapsulated with titanium end-cap Once the first bay cylinder had been lowered into

joint rings. Eight tie rods and two payload rails are the epoxy-filled gland of the central stiffener, an
mounted internally, and the exterior of the hull is aluminum plate, SK9402-099-2 (figure 30), with
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wooden center, SK9402-099-5 (figure 30), was cylinder. Longer tie rods, SK9402-099-9 (figure
placed on top of the cylinder. This subassembly 30), were used to aid seating and alignmernt during I
was clamped together with four external tie rods, this step. Figure 39 shows the cylindrical hull sec-
SK9402-099-8 (figure 30), as shown in figure 34. tion after completion of epoxy bonding of the hull's
The clamping force applied to the fixtures assured major structural components. i
that the assembled cylinder was completely The cylindrical hull was set on cradles with the
aligned and seated in the central-stiffener joint ring handling fixture as shown ic figure 40. In this posi-
gland. Excess epoxy that extruded from the joint tion, the sixth and final assembly step for the hull
ring during this step can be seen in figure 34. This section, the attachment of internal tie rods and h
excess epoxy was easily cleaned from the exterior rails and external fairing, was completed (figures
surfaces of the joint ring once the epoxy had par- 41 and 42). Figure 43 shows an internal view of
tially cured over a period of 24 hours. After the the completed hull section with four tie rods per
epoxy had fully cured, a bead of room-temperature bay and two payload rails running the length of the
vulcanizing (RTV) sealant was applied to the ind To fayload shipping of the
edges of the central stiffener to prevent water interior. To facilitate shipping of the cylindrical hullintrusion into the cylinder/joint-ring bond during section of the 26-inch housing, the payload railsI

were removed (figure 44) and the hull was pack-
pressure testing. aged (figure 45) for delivery to the pressure testing

The third step involved bonding a titanium end-cap facility at Southwest Research Institute (SRI), San
joint ring to the remaining end of the alumina cylin- Antonio, Texas. I
der used for the first bay. Depassivation and
cleaning of the internal surfaces of the end-cap HEMISPHERICAL END CLOSURE SECTIONS
joint ring and the application of mold release to i
external surfaces of the end-cap joint ring pro- The assembly drawing for the 26-inch-housing aft

ceeded as performed for the central stiffener in the head end closure is shown in figure 46. The aft

second step of the assembly process. The key for head consists of a Type 4 alumina hemisphere I
the third step was to maintain correct alignment of with an epoxy-bonded titanium end-cap joint ring

the end cap with the central stiffener for eventual and a protective composite external fairing. The

assembly of internal components (tie rods and 26-inch-housing forward head end-closure assem-

payload rails). Figure 35 shows the first bay of the bly drawing is shown in figure 47. The forward

cylindrical hull section after completion of the head is a Type 6 alumina hemisphere with six

second and third steps of the assembly process. ports, a titanium end-cap joint ring, and an external
composite fairing. The fairing for each head is

The fourth step required bonding a titanium end- retained in place with a split V-band clamp also
cap joint ring to the cylinder used for the second fabricated from composite materials. Bonding the
bay. Preparation of the joint surfaces and the titanium end-cap joint rings to each alumina hemi-
assembly technique for this joint ring paralleled the sphere was performed with the fixtures shown in
steps described above for bonding joint rings to the figure 48 and a hydraulic lift truck.
first cylinder. During the time between the fabrication of the alu- 5
The fifth step involved joining the two bays of the mina cylinders and the hemispheres for the
cylindrical hull section together by bonding the 26-inch housing, a parallel study focused on the
second cylinder to the central-stiffener joint ring cyclic fatigue life of alumina cylinders assembled
(figures 36 through 38). The first bay assembly with metallic joint rings using various bonding tech-
was covered externally and internally with plastic niques (reference 3). Several assembly methods
sheeting to simplify cleanup of excess epoxy. The that incorporate an inter-layer of a gasket material
critical part of this step was alignment of the inter- as an axial bearing support between the alumina n
nal mounting points on the second cylinder end hull and the metallic joint ring were evaluated. Two
cap with the mating hole patterns on the central of the methods compared were: the use of a thin
stiffener and end cap previously bonded to the first intermediate layer of epoxy between the bearing 5
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surfaces of the joint ring and the ceramic hull, and the U-shaped gland of the joint ring was partially
the use of a GFR PEEK gasket placed adjacent to filled with the epoxy mixture, and the axial bearing
the bearing surfaces of the ceramic component as surface paper gasket was placed in the joint ring
used with the 26-inch-housing cylindrical hull as shown in figure 53 and pushed down through
assembly described above. GFR PEEK gaskets the epoxy mixture to the bearing surface at the
had been used previously in the assembly of the bottom of the joint-ring gland. A wooden pedestal
half-scale model of the 26-inch housing with good SK9402-090-2 (figure 48) was elevated above the
results (reference 16). table with the forks of a hydraulic lift truck so the

alumina hemisphere could be centered above the
In this study, the alumina 12-inch-OD cylinders epoxy-filled end-cap joint ring as shown in figure
assembled with these two different axial bearing 54. Then, with the aid of the hydraulic lift truck,
surface supports were pressure cycled, disas- the hemisphere was lowered into the end-cap joint
sembled, and nondestructively evaluated to deter- ring, clamped in place with tie rods (figure 55), and
mine the extent of subcritical crack growth that had the epoxy was allowed to cure.
occurred in the axial bearing surface region of the
cylinder ends during testing. It was concluded that The aft head assembly for the 26-inch housing is
a thin intermediate layer of epoxy performed at shown in figure 56 without its protective external
least as well as the GFR PEEK gaskets in terms of fairing and again in figure 57 with the fairing in
minimizing subcritical crack growth. In addition,
the epoxy gasket had the benefit of lower cost and place. The identical procedures used for the afthead assembly were used for the forward head.
easier assembly. Several methods of ensuring the The completed forward head assembly is shown in
minimum thickness of the inter-layer of epoxy figures 58 through 60. Only two of the six through
between the bearing surfaces of the joint ring and holes intended for the forward head were finish
the ceramic hull were investigated during this study ground prior to assembly. Postponing machining
using various spacer techniques. An annular of the remaining four holes was done to expedite
paper gasket used as a spacer was found to be an delivery of the alumina hemisphere so that pres-
adequate approach and was selected for use in d el i ng o r the alu ina hem i ng co be com-
the assembly of the aft and forward heads for the sure testing for the 26-inch housing could be com-
26-inch-housing assembly. The cyclic fatigue life pleted on schedule.
of AL-600 12-inch-OD cylinders assembled with
titanium end-cap joint rings and annular paper gas- The original design of the titanium inserts used in
kets was investigated in a second parallel study the through-hole ports of the forward head assem-
(reference 4). It was confirmed that this assembly bly are shown in figures 61 and 62. These inserts
approach provided a cyclic fatigue life well in were dimensioned to have a nominal radial clear-
excess of 1,000 dive cycles at the stress levels at ance of 0.002 of an inch when assembled to the
which the 26-inch housing was designed to oper- Type 6 alumina hemisphere (figure 4). A tight tol-
ate. erance fit was required to prevent extrusion of the

insert O-ring into the radial clearance during exter-
The annular paper gasket used in epoxy bonding nal pressure loading. A dimensional inspection of
the titanium end-cap joint ring to the aft head of the the through holes in the forward head (appendix B)
26-inch housing is shown in figures 49 and 50. indicated that the holes were slightly oval. There-
Figures 51 and 52 show the Type 4 alumina hemi- fore, it was decided to modify the inserts to
sphere used for the aft head assembly. Prepara- increase the radial clearance in order to prevent
tion of the bonding surfaces of the titanium joint uneven loading on the walls of the through hole.
ring and the alumina hemisphere proceeded as This change required that the fabric-reinforced
described for the cylindrical hull assembly. In phenolic spacers used between the alumina hemi-
order to bond the end-cap joint ring to the alumina sphere and the inserts be redesigned to move the
hemisphere, the joint ring was first centered on the O-ring away from the shaft of the insert as shown
table SK9402-090-1 (figure 48). In this position, in figures 63 and 64.
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TEST PLAN The test assembly used to proof test the cylindrical

hull section (figure 29) of the 26-inch housing is i
shown in figure 65. Ten strain gages were mounted

The test plan for the 26-inch-housing assembly to the interior surface of the central stiffened joint
wastohe ndividuallyproof test eacn for te 26h raem ring in the locations indicated. All testing fixtureswas to individually proof test each ot the three designed for the proof test are shown in figures 66I

major subassemblies (cylindrical hull section, for- thr 72. teel h em shere in figure 66
wardhea heisperial nd cosue, nd ft eadthrough 72. The steel hemispheres in figure 66

ward head hemispherical end closure, and aft head were used as end closures to proof test the cylin-
hemispherical end closure) to an external pressure drical hull section. A single lifting lug (figure 67) I
of 10.000 psi. The rate of pressurization during was welded in line with the center of gravity of

each i roof test was specified not to exceed each steel hemisphere to aid in assembling the hull
1,000 psi per minute followed by a 60-minute hold section test assembly. An O-ring (figure 68) was

at a sustained pressure of 10,000 psi. The used for a face seal between the cylinder end-cap
depressurization rate was not to exceed 10,000 psi joint ring at each end of the cylindrical hull section
per minute. and the mating steel hemisphere. The aluminum-

alloy clamp bands shown in figure 69 maintained
Biaxial electric resistance strain-gage rosettes closure between the hull section and the steel
were to be mounted at specific internal surface hemispherical end closures. Strain-gage leads
locations on each subassembly, waterproofed, and and a vent line were passed from the interior of the I
read at 1,000-psi intervals to 10,000 psi during the test assembly by potting the feed through shown in
proof test. In addition, the strains were recorded figure 70 with two-part epoxy and urethane. The
for the cylindrical hull assembly at 200-psi incre- polar penetration in the remaining steel hemispher-
ments between 9,000 and 10,000 psi. Additional ical end ciosure was capped with the -2 plug I
strain measurements were made for the cvlindr.cal shown in figure 71.
hull near the proof pressure to identify nonlinear
deformations that could occur should buckling of The entire cylindrical hull section test assembly I
the hull assembly be incipient. Ninety-degree rec- was mounted in the test fixture cage (figure 72).
tangular rosette strain gages were used with one The 30-inch bore and 111 -inch internal length of
leg oriented in the hoop direction and the other in the pressure vessel dictated the design of the test I
the meridional direction. Strain gages were placed fixture cage. The test fixture had eight belly bands
at midbay of the cylindrical hull on the titanium clamping two aluminum channels to the external
central stiffener since any deformations associated fairing of the 26-inch hull section. Shackle pad
with general instability would be most pronounced eyes were welded to one end of each channel
at this location. Strain gages were to be read fol- while a pivot foot was bolted to the opposite end of
lowing the 60-minute hold at 10,000 psi and read each channel. Since the hull section was
again for any residual strains after depressuriza- assembled horizontally (figure 73), the pivot foot U
tion to 0 psi. allowed the hull test assembly to be lifted by the

pad eyes into a vertical position (figure 74) and
Acoustic emissions data were to be recorded then lowered into the pressure vessel for testing I
throughout the proof test of the cylindrical hull (figure 75).
assembly. Acoustic emissions data were tracked
via a transducer bonded to the exterior of the pres- Prior to being used to proof test any of the major
sure vessel. After completion of the proof test, ceramic subassemblies of the 26-inch housing, the
each major subassembly was to be individually steel hemispherical end closures were proof tested
cycled a minimum of ten times to 9,000 psi exter- together to an external pressure of 10,000 psi as
nal pressure with a one-minute hold at 9,000 psi shown in figure 76. Proof testing the two steel I
during each cycle. Acoustic emissions data were hemispheres together was performed to check all
to be recorded for the cylindrical hull assembly seals for leaks and to verify the structural integrity
throughout the ten cycles to 9,000 psi. of the steel hemispherical end closures. Additional
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testing components that were designed for proof- time the cumulative total of acoustic events
ing the steel hemispheres are shown in figures 77 increased from 594 to 610. During the depres-
through 79. surization from 10,000 psi to 0 psi, the total num-

d pber of acoustic events increased from 610 to 619.Individual proof testing of the forward hea d aft The depressurization took place at an average rateIhead hemispherical end closures was performed of 434 psi/minute.

as shown in figure 80 reusing many of the testing

components described earlier. An additional plug Immediately after depressurization to 0 psi, pres-
(figure 81) was used to cap the pressure relief sure cycling to an external pressure of 9,000 psi
valves in the forward head hemispherical end clo- for a total of ten cycles was initiated. Each pres-
sure. Proof tests of each of the alumina-ceramic sure cycle consisted of pressurization to 9,000 psi
hemispherical end closures was performed with at an average rate of 1500 psi/minute, followed by
the number and locations of strain gages as shown depressurization to 50 psi at an average rate of
in figure 80. Figure 82 shows the test configura- 5,000 psi/minute. The total number of acoustic
tion for the aft head assembly as it is being low- emissions generated by the first nine pressure
ered in the pressure vessel for proof testing to cycles was 27 events, indicating that during that
10,000 psi. Figure 83 shows the test configuration period no cracks were initiated or propagating in
for the forward head assembly prior to pressure the ceramic cylinders.
testing. During performance of the tenth cycle, a mishap

occurred. At the instant the pressure reached
TEST RESULTS 9,000 psi, the 0.50-inch ID bulkhead penetration

used for strain gage instrumentation leads through

CYLINDRICAL HULL SECTION the vessel end closure failed catastrophically,
resulting in a violent release of the pressure from

I All pressure testing work performed on the 26-inch inside the vessel chamber. The pen on the strip
housing assembly took place at SRI. The strains chart recording the number of acoustic emission
recorded from the interior surface of the central events was pegged at its maximum position (400
stiffener surface during the proof test of the cylin- events) during the rupture. The digital recorder

drical hull assembly are shown graphically in fig- used to count the number of acoustic emission

ures 84 and 85. These plots indicate that the events was drenched with water released through

recorded strains are increasing in a linear fashion the bulkhead penetration after it failed, and, conse-I throughout the pressurization to 10,000 psi. The quently, the exact number of acoustic emission
average strains at 10,000-psi external pressure events was not recorded.
were -1,950 microinches/inch in the hoop direction The bulkhead penetration consisted of a tapped
and +2,580 microinches/inch in the axial direction. steel fitting with a 0.50-inch diameter bore, through
Two of the twenty channels used to record the which the strain gage leads and a vent line were
strain gage data failed before reaching the 10,000- fed. The remaining volume of the 0.50-inch bore
psi proof pressure. The slight variation in strains was potted with a two-part epoxy by the technical
that were recorded from each gage is due to the staff at SRI, allowed to dry, and sealed with poly-
fact that each rosette was bonded in place by urethane. During the tenth pressure cycle, the
hand. Variations in location and orientation of each bond between the potting material and the
gage would effect the magnitude of the recorded penetration bore failed, jettisoning the strain-gage
strains. leads and potting material into the rafters of the

The total number of acoustic events emitted by the pressure testing laboratory, resulting in an instan-

cylindrical hull section during the initial proof pres- taneous decompression of the 26-inch-housing

surization for 0 to 10,000 psi was 594 events, cylindrical hull section.

After attainment of 10,000-psi external pressure, The magnitude of the forces exerted on the cylin-
the pressure was held for 60 minutes, during which drical hull section were accentuated by the fact

11



I
FEATURED RESEARCH

I
that the hull test assembly occupied the bulk of the increased beyond 2,000 psi. In the interval
water volume in the pressure vessel. The loads between 2,000 psi and 3,000 psi, a momentary U
acting on the hull section during this violent burst of acoustic activity produced 120 acoustic
decompression are analogous to dynamic oscilla- events. Thereafter, the acoustic activity settled
tory forces felt by a spring as it is released from a down to a steady pace of approximately 5
compressed state. This unspringing of the vessel 8 events/1,000-psi pressure rise. When the pres-
undoubtedly resulted in substantial tensile loading sure reached 9,000 psi, there was another sudden
on the alumina cylinders. These tensile forces burst of acoustic activity generating an additional
were accentuated by the inertia of the steel end 230 acoustic events. The rate of acoustic emis- I
closures moving in opposite directions from each sion increased as the pressure rose above
other as the axial compression of the cylindrical 9,000 psi. Upon reaching 9,250 psi, catastrophic
hull assembly was suddenly released. failure of the 26-inch-housing cylindrical hull sec- I

tion took place. Figure 86 shows the total number
Following the explosive depressurization of the of a c ion event s th e ro rded

pressure vessel interior, the 26-inch-housing cylin- for each pressure test performed on the 26-inch-

drical hull test assembly was removed for visual housing cylindrical hull section. Figure 87 shows

inspection. The hull assembly appeared to be the cumulative number of acoustic emission events

intact even though it appeared to jump within the generated by the housing throughout all the pres-

test fixture cage, loosening the bolts that tighten sure ti tha was peroore a

the belly bands around the housing's external fair- sure testing that was performed.

ing. After tightening the belly bands, the housing Inspection of the imploded cylindrical hull assembly
assembly was lowered back into the pressure ves- did not detect any out of roundness in the joint
sel for reapplication of a proof test to 10,000 psi. rings, which indicates that the failure was not U

caused by buckling. The internal flange of one of
This second proof test was to determine whether the cylinder end-cap joint rings was pushed inward
the structural integrity of the 26-inch-housing cyJin- at a single circumferential location, as was the
drical hull section was compromised by the internal flange on one side of the central-stiffener
dynamic loading to which it was subjected during joint ring. The flanges on the opposite side of the
sudden depressurization. If the housing withstood central stiffener and for the remaining end-cap joint
the pressure test to 10,000 psi without significant ring showed no sign of permanent deformation. It
acoustic activity it would be considered as proof appeared that one of the alumina cylinder bays
that cracks were not introduced into the ceramic imploded, resulting in failure of the entire cylindrical
components of the housing structure during the hull section. The high number of acoustic events I
catastrophic decompression event. If it passed recorded during the attempt to proof test the hous-
this proof test, the housing could be mated with ing again after the explosive decompression indi-
ceramic hemispherical end closures for further cates that cracks were propagating in at least one
testing without fear of premature failure of the of the alumina cylinders. At least one of these
ceramic cylindrical hull section. On the other hand, cracks propagated to the point that it became criti-
if the pressure housing generated excessive cal enough to result in catastrophic failure of the
acoustic events, or if it failed prior to reaching entire cylindrical hull test assembly.
10,000 psi, it would be considered damaged andwould not be acceptable for further testing. The difference in acoustic emission data prior to,

and after, the sudden decompression mishap indi-
After zeroing out the acoustic events recorded dur- cates that although the housing survived the pres-
ing the catastrophic failure of the pressure vessel sure vessel accident in one piece, substantial
penetration, pressurization was initiated with the cracks were introduced during the accident which
electric drive piston pump. Pressurization pro- resulted in hull failure during the subsequent I
ceeded at approximately 2,000 psi/minute while repressurization test. Although the original proof
acoustic events were continuously recorded. Little test demonstrated the design of the cylindrical hull
acoustic activity occurred until the pressure assembly would not fail by buckling at design 5

U
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depth, extensive cyclic fatigue-life data to design- shown in figure 90 to detect the presence of any
depth pressures were not obtained for the fatigue cracking that may have developed during
25-inch-OD cylinders because of failure of the testing. No cracks were found, and the aft head
pressure-vessel bulkhead penetration during the assembly successfully completed all 500 pressure
tenth pressure cycle, cycles.

HEMISPHERICAL END CLOSURE SECTIONS The Type 6 alumina hemisphere used for the for-
ward head assembly also surpassed a proof test to

Loss of the cylindrical hull section changed the 1 0,000 psi and 500 cycles to the 9,000-psi design

pressure test plan for the two remaining major sub- pressure. The hoop and meridional strains that

assemblies of the 26-inch housing. In addition to wre msure d fhe five g age s toat

I performing a 10,000-psi proof test with the forward interior surface of the alumina hemisphere during

and aft head hemispherical end closures mated to the proof test are shown in figures 91 and 92. No

a steel hemispherical end closure, it was decided hoop strain measurements were obtained from

to cycle each head separately 500 times to an rosette 12 due to gage failure. The strains

external pressure of 9,000 psi. Performing the recorded from rosettes 13, 14, and 15 were identi-

cyclic tests of the forward and aft head end clo- cal, as expected, since they were located in the

sures individually would provide more cyclic fatigue poto of te h ems h ere wt c at wl thi

data for large 96-percent alumina-ceramic compo- ness. Hoop strains recorded from rosette 11 were
nents than if the forward and aft heads were pres- lower because of their placement in the thicker
sure cycled together. transition region adjacent to the cylindrical equato-

Figure 88 shows the hoop strains recorded from rial skirt.

the five gages bonded to the interior surface of the
alumina hemisphere used for the aft head assem- In addition to the forward and aft head assemblies,
bly during its proof test to 10,000 psi. As shown in a third alumina hemisphere was received from
figure 80. sheet 3, these gages were equally WESGO that was assembled and subjected to a
spaced along the meridian from the equatorial joint proof test to 10,000 psi and 500 cycles to
ring interface to the hemispherical pole. Since the 9,000 psi. This third part was intended to be a
wall thickness tapered along the meridian, the Type 4 hemisphere (tapered wall thickness without
strains varied with gage location, with the highest any holes) used in the aft head assembly, but was
strains recorded from rosette 20 (located at the originally rejected because it did not meet the
pole where the minimum wall thickness occurs). dimensional tolerances on engineering drawing
As expected, all recorded strains increase in direct 55910-0127649 (figure 3). It met the tolerances
proportion to the applied external pressure. for the cylindrical equatorial skirt shown, but the

The meridional strains recorded during the proof wall thickness of the remainder (transition region

test of the Type 4 hemisphere used in the aft head from the skirt to the tapered hemispherical section)

assembly are shown in figure 89. The highest was approximately 0.040 inch undersized. Figure

measured meridional strains occurred at rosette 16 93 shows wall thickness measurements being

due to bending caused by the geometric transition made with a hand-held ultrasonic thickness detec-

between the cylindrkial equatorial skirt and the tor of the dimensionally disqualified Type 4 alumina

hemispherical shell wall. hemisphere. One of the titanium end-cap joint
rings used with the cylindrical hull assembly was

After its proof test, the Type 4 alumina hemi- refurbished and attached to this additional alumina
sphere used in the aft head assembly was sub- hemisphere. Figure 94 shows this third hemi-
jected to 500 cycles to a peak external pressure of sphere assembled with the dimensionally qualified
9,000 psi. At 100 cycle intervals, the hemispherical aft head alumina hemisphere. This back-to-back
assembly was removed from the pressure vessel, alumina hemisphere configuration was not pres-
and the Type 4 hemisphere was inspected as sure tested, but, rather, the reject aft head

13
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hemisphere was pressure tested with a steel test ceramic housing assemblies as a result of cyclic
hemisphere, external pressure loading (references 4, 5, and

16). The very small amount of cracking found in
Five strain gage rosettes were bonded to the inte- the dimensionally qualified Type 4 alUlmina hemi-
rior of the reject aft head hemisphere in the same sphere indicates that this unit would have a cyclic
locations specified for the dimensionally qualified fatigue life of well beyond the 500 pressure cycles i
aft head hemisphere per figure 80. The strains to 9,000-psi external pressure to which it was sub-
recorded for this third hemisphere during its proof jected.
test to 10,000 psi are shown ii figures 95 and 96. I
Because of its reduced wall thickness, the strains The dimer,;ionally disqualified Type 4 alumina
are higher than those recorded for the dimension- hemisphere assembled with the refurbished end-
ally qualified aft head hemisphere as prPsented in cap joint ring was found to have substantially more
figures 88 and 89. Specifically, the hoop strain at internal cracks in its bearing-surface region after
the pole of the reject hemisphere was measured to completion of the 500 pressure cycles to 9,000 psi
be -2,963 microinches/inch at 10,000-psi external to which it was also tested. A pulse-echo C-scan
pressure as compared to -2,463 microinches/inch generated of the entire cylindrical skirt region indi- a
recorded for the aft hemisphere that met dimen- cated that bearing-surface cracks had developed
sional specifications. As with the first two alumina around the entire circumference of the herni-
hemispheres tested, the reject aft head hemi- sphere. These cracks had propagated to a mini- U
sphere also survived 500 cycles to 9,000-psi exter- mum depth of 0.60 inch from the bearing surface
nal pressure. and had grown as far as the transition region

(2.50 inches) from the cylindrical skirt into the

POST-SERVICE INSPECTION OF hemispherical shell in three locations.

ALUMINA-CERAMIC COMPONENTS Cracks that have propagated past the region of the
ceramic shell encapsula;ted by the flanges of the

After completion of the pressure testing program, joint ring can lead to eventual failure of the hull

the outer flange of the end-cap joint ring was assembly. Delaminations caused by internal cir-
removed from both the aft head end closure that cumferential cracking can buckle under external

used the dimensionally qualified Type 4 alumina pressure loading, resulting in spalling of ceramic I
hemisphere and the aft head end closure that used shards from the surface of the ceramic shell wall.
the dimensionally disqualified Type 4 alumina With spalling of the ceramic comes a loss of load-

hemisphere. A horizontal lathe was used to bearing material and potential leakage of water into I
remove the outer flange as shown in figure 97. the epoxy bond at the joint interfaces. In the case
Machining off the outer flange allowed for a full- of the dimensionally disqualified Type 4 alumina
immersion pulse-echo ultrasonic inspection of the hemisphere, the cracks extended into the shell wall

bearing-surface region of each hemisphere to beyond the two-inch-long flanges of the refur-
determine if any structural damage had occurred bished cylinder end -ap joint ring (figure 13).
as a result of pressure testing. Thus, the fatigue life of this unit is not likely to be

much greater than the 500 pressure cycles tu
Inspection of the dimensionally qualified Type 4 9,000 psi that it has already survived.

alumina hemisphere revealeo that a circumferential
crack had developed on the plain-bearing surface STRUCTURAL ANALYSIS
of the ceramic hemisphere in a single location.
This crack was located at a depth of 0.25 inch from Structural analysis for the completely assembled
the OD of the equatorial skirt, had a circumferential 26-inch housing was presented in reference 1.
length of 0.74 inch, and extended to a depth of Since all the testing that was performed for the i0.10 inch from the bearing-surface region. This 26-inch housings occurred with the three major hull

crack appeared to be typical of previously assemblies pressurized individually, additional
observed bearing-surface cracks that formed in finite element analysis (FEA) of these three test

14 I
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configurations is presented here. Finite element contact surfaces. These elements allow adjacent
models (FEM) were generated by mating the surfaces to maintain, or break, physical contact
ceramiu, cylindrical hull with steel test hemispheres and allow one surface to slide relative to the other
at each end and joining the forward and aft head surface. The use of gap elements introduces non-
ceramic end closures with steel test hemispheres. linearities into the stress analysis and, therefore,

requires that ar, iterative solution be used when
A cross section of the FEM used to calculate the running the FEM.
stresses in the ceramic cylinders and the lype 4
ceramic hemisphere used in the aft head assembly FEM for each of three test assemblies were run
are shown in figures 98 and 99. These figures using the maximum external pressure used during
show axisymmetric moaels constructed using the the cyclic testing of 9,000 psi. Figure 100 is a
FEA software ANSYS-PC, revision 4.4A, a product stress contour plot of the minimum principal
of Swanson Analysis Systems, Inc. A symmetry stresses that exist in the ceramic cylinders at
point at midbay (at the axial centerline of the 9,000-psi external pressure. A peak compressive
central-stiffener joint ri ig) was also used in te stress of -130,539 is calculated to exist at midbay
model of the cylindrical hull assembly (figure 98). of each ce,:.nic cylinder and is oriented in the
All test assembly components were modeled using hoop; direction. Figure 100 reveals that more
STIF82 2-D, eight-node quadrilateral solid ele- bendng is occurring at the ceramic cylinder inter-
ments with the following linear elastic isotropic face with the central stiffener (as seen at the bot-
material properties: tom of the figu,-e) than at the cylinder interface with

the steel test hemisphere. This implies that more
AL-600 96-percent alumina ceramic: radial support of the ceramic cylinder is given by
E=48.7 Mpsi (alumina cylinder) the integrally bonded central stiffener than is pro-

E=45.4 Mpsi (Type 4 alumina hemisphere) vided by the steel test hemisphere. Figure 101 is
a stress contour plot of the maximum principal

E=48.3 Mpsi (Type 6 alumina hemisphere) stresses in the ceramic cylinder in the bearing-
v=.23 surface region adjacent to the cylinder end-cap
"Titanium allc/ Ti-6AI-4V: joint ring interface with the steel test hemisphere
E=16.4 Mpsi for an external pressure load of 9,000 psi. A
v=.31 maximum tensile stress of +4,571 psi is predictedto occur at the plain axial bearing surface and isEpoxy: oriented in the radial direction.
E=300 kpsi
v=.40 Figure 102 is a contour plot of the minimum princi-

Steel alloy 4340: pal stresses that exist in the Type 4 ceramic hemi-
E=29 Mpsi sphere of the aft head end closure at 9,000-psi
v=.32 external pressure. A peak compressive stress of

-154,187 psi is calculated to exist at the pole of
Aluminum alloy 7075: the hemiophere. Figure 103 is a detailed view of
v=.33 the maximum principal-stress contour plu, for the

Type 4 hemisphere in the region of its equatorial

where E is the elastic modulus and v is the bearing surface. This plot indicates that a maxi-
Poisson's Ratio of each material, mum tensile stress of +7,434 psi occurs in the

ceramic adjacent to the epoxy layer that separates
" STIF12 2-D gap elements were used to model the the hemisphere axial bearing surface from the
joint interfa.,es; for example, between the alumi- axial bearing surface of the titanium end-cap joint
num spacer ring and the steel test hemisphere, ring.
and between the aluminum spacer ring and the
titanium end-cap joint ring that is epoxy bonded to The results of the stress calculation from the FEM
the alumina hemisphere for the aft and forward for the Type 6 hemisphere used in the forward
head end closures. STIF12 elements are capable head end closure are shown in figures 104 and
of supporting ,)nly compressive loads normal to the 105. Figure 104 indicates that a peak compressive
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stress of -199,941 psi occurs at a through hole 4. Assembly of the 26-inch-OD by 91 -inch-long
located at the hemispherical pole (a 1.004-inch- ceramic-housing assembly was performed
diameter hole for a pressure-relief valve insert was without difficulty using simple handling fixtures
used in the model) when the assembly is pressur- to epoxy bond titanium joint rings to the ends
ized to 9,000 psi. The polar location of the through of each alumina hull section.
hole does not represent an actual location of one
of the six holes that exists in the forward head. 5. The design of the central-stiffening joint ring
The polar location was used because it can be rep- used to bond the two alumina cylinders in the
resented with an axisymmetric analysis and cylindrical hull assembly of the 26-inch-OD
because the stresses around the hole will not vary housing was validated through a proof test to

with the location of the hole, as long as the holes housi wxseral pr oof tes to
are properly spaced and located in the portion of 10,000-psi external pressure (1.1 times the
the hemisphere which has a constant wall thick- design depth). The cylindrical hull of the

ness. The maximum tensile stress of +8,044 psi at 26-inch-OD housing assembly was designed

the bearing surface of the Type 6 hemisphere (reference 1) to have a minimum safety factor

shown in figure 105 is slightly higher than that cal- (SF) of 1.5 against buckling at its 9,000-psi I
culated to exist in the Type 4 hemisphere at the design depth when capped by hemispherical
same load level. This difference can be attributed end closures. The integral T-shaped ring of
to the differences in the elastic modulus used to the central stiffening joint ring was sized to
model each hemisphere. provide this 1.5 SF to prevent collapse by

FINDINGS general instability at pressures below 13,500
Spsi.im

1. The fabrication technology for isostatically
pressed AL-600 alumina cylinders and hemi- 6. The dimensionally qualified aft and forward
spheres is sufficiently mature to allow head alumina hemispherical end closures of
manufacture of the hull components used in the 26-inch-OD alumina-cersmic housing
the 26-inch housing with minimum risk. assembly were found to have a cyclic fatigue I

2. The following range of average material life in excess of 500 cycles to an external

properties were found for the AL-600 alumina pressure of 9,000 psi, generating the following

cylinders and hemispheres used in the peak stresses during each cycle:

26-inch-OD pressure housing assembly: mi. principal membrane stress: -154,187 psi

compressive modulus 45.4 - 48.9 Mpsi

compressive strength 360 - 412 kpsi min. principal stress at localized stress
__________________concentrator: -199,941 psi

flexural strength 43.5 - 50.3 kpsi c

Weibull Modulus 18 - 29 max. principal stress at localized stressI concentrator: +8,044 psi
density 0.135 - 0.136 lb/in3

3. Economical and reliable quality control of the The minimum principal membrane stress
AL-600 alumina hull components for the occurred at the pole of the Type 4 hemisphere
26-inch housing was performed using com- used for the aft head end closure. The mini-
mercially available full-immersion pulse-echo mum principal stress at a localized stress con-
ultrasonic inspection techniques. This inspec- centrator was found at the through holes of
tion method was capable of detecting internal the Type 6 hemisphere used for the forward
discontinuities as small as 0.015 inch in the head end closure. The maximum principal
ceramic shell wall. The largest defects found stress at a localized stress concentrator U
in any of the 26-inch-housing alumina occurred at the plain axial-bearing surface of
components were internal voids approxi- the Type 6 hemisphere at its bond interface
mately 0.050 inch in size. with its end-cap joint ring.

I
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7. The dimensionally disqualified Type 4 alumina engineering ceramics and is not based on a
hemisphere was found to have a fatigue life of critical flaw size in the performance of alumina
500 cycles to an external pressure of pressure hulls. NRaD has never documented
9,000 psi. The wall thickness of this rejeci the failure of a ceramic pressure hull due to
part was 0.040 of an inch undersized every- the presence of a defect that was identified in
where, except at its cylindrical skirt. This pre-service inspection. Rather, cyclic fatigue
reduced wall thickness resulted in compres- is thought to initiate at stress concentrations
sive membrane stresses that were approxi- around micro pores located near the bearing
mately 11 -percent greater in magnitude surfaces at ceramic component ends (refer-
(-172 kpsi at the pole) than those that existed ence 9). This intrinsic microporosity is a char-
in the dimensionally qualified Type 4 alumina acteristic of AL-600 alumina and can not be
hemisphere. detected using the NDE techniques described

8. The pressure testing program completed by in this report.

the forward and aft heads validates the equa- 2. Although both the dimensionally qualified and
torial cylindrical skirt at the bearing surface of dimensionally disqualified Type 4 hemi-
the ceramic end closures as a worthy design spheres tested in this report surpassed
feature for improving cyclic fatigue life of 500 cycles to 9,000-psi external pressure,
hemispherical end bells. Successful comple- post-service inspection of these two units
tion of proof and cyclic testing by the forward revealed substantial differences in the extent
head end closure also demonstrates that of fatigue cracking that had occurred in the
ports for electrical connectors, pressure-relief bearing-surface region of each component.
valves, etc., can be successfully made using The dimensionally qualified unit was found to
metallic inserts in the ceramic shell wall. The have one small region of crack growth adja-
titanium insert penetrators designed for the cent to its bearing surface, where as, the
forward head end closure did not serve as dimensionally disqualified hemisphere had
crack initiators in the ceramic hemisphere dur- extensive internal delaminations around theing pressure cycling. entire circumference of its bearing surface.

9. As with the ceramic pressure hulls tested in Possible explanations for the apparent discre-

earlier generations of NOSC2 and NRaD pancies in the performance of these two units
housings, the cyclic fatigue life of the alumina are offered as follows:
hull sections of the 26-inch-OD housing Differences in the ceramic material in
assembly is determined by the initiation and these two hemispheres could explain the
propagation of cracks that originate on the differences in the amount of crack growth
bearing surface of ceramic component ends that occurred. Specifically, differences in
at their interface with metallic joint rings, the fracture toughness, flexural strength,

DISCUSSION Weibull Modulus, residual stress, intrinsic
porosity, or extrinsic grinding damage on

the bearing surface of each part could
1. The intent in performing ultrasonic and radio- affect its resistance to the formation of

graphic inspection of the ceramic hull compo- fatigue cracks. Unfortunately, material
nents of the 26-inch housing was to ensure properties and quality control data were
that no gross fabrication defects were present not obtained for the disqualified unit
that could compromise the structural integrity because it was not originally intended for
of the pressure housing assembly. The pressure testing.
acceptance of the 26-inch housing's ceramic
components with 0.050-inch pores is based The quality of the seal that was used to
on NRaD's quality control experience with protect the epoxy bond between the metal-

lic joint ring and cylindrical skirt of the
ceramic hemisphere from water intrusion2 NRaD was previously Naval Ocean Systems Center (NOSC). could affect the end closure's structural

I
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performance. If the epoxy bond is not report. For this reason, it is suggested that
adequately sealed during extensive pres- prior to being placed into service, a qualifica-
sure testing, it is possible that the com- tion test program based on determining
bination of water and tensile stresses in fatigue life be completed for 25-inch-OD
the bearing surface region could accentu- monocoque alumina cylinders subjected to
ate fatigue of the ceramic through stress external pressure cycles.
corrosion cracking. 5. The design of the aft and forward head has

CONCLUSIONS been validated for operational use as end clo-
sures for the 26-inch-OD housing for use at

.Monocoque ceramic cylinders with 25-inch- depths to 20,000 feet (9,000 psi) with a mini-

OD by 31.90-inch-length by 0.90-inch wall mum fatigue life of 500 dive cycles. The key 3
thickness with mating ceramic hemispheres design features of these enclosures, ceramic
tcanbesuessfullymatingbceramicated fomisp s cylindrical equatorial skirt, titanium end-cap
can be successfully fabricated from isostati- joint rings, and titanium inserts for port

cally pressed 96-percent alumina for service - penetrations, should be incorporated into I
as components of an external pressure hous- future pressure-housing applications where

ing for 9,000-psi service, ceramic hemispherical bulkheads are desired.

2. Full-immersion pulse-echo ultrasonic inspec- 6. Full-scale UUV pressure housings using I
tion has been found to be a reliable NDE alumina-ceramic hull sections can be
technique for detection of voids and inclusions designed and assembled which provide
larger than 0.015 of an inch in the walls of alu- improved operational performance over equiv- I
mina pressure hull components of <1-inch alent metallic housings designed to the same
thickness. requirements. The net lift in seawater gener-

3. Monocoque alumina cyiinders can be ated by the 26-inch-OD by 91 -inch-long

assembled into long cylindrical full-scale alumina-ceramic pressure housing is three I
housings by epoxy bonding the ends of the times greater than that created by a rib-

adjoining cylinders to titanium joint rings with stiffened titanium housing with the same

integral ring stiffeners. The design of cylindri- external dimensions and external pressure I
cal hull sections with stiffened joint rings to rating.
provide the desired safety margin against fail-
ure by buckling can be performed using stan- RECOMMENDATIONS
dard structural analysis techniques
(references 1 and 2). 1. Pre-service inspection of alumina-ceramic

4. Although cyclic fatigue data was not obtained pressure hull components should be made i
4. Atheg cycic falumiguedaa wanes not obtainbefore final grinding is completed to avoid
1or the 25-inch-OD alumina cylinders (L/OD = additional investment in parts that may have

1.276, tiOD = 0.036) used in the 26-inch- unacceptable internal defects. NRaD's expe-

housing cylindrical hull assembly, exnensive rience in inspecting the 25-inch-OD hulls for I
pressure-test data has been generated the 26-inch housing indicates that isostatically
(reference 4) for 12-inch-OD isostatically pressed 96-percent alumina components can
pressed At-00cylindtersal pressu1., theD be fabricated of this size that do not contain
0.034). At 9,000-psi external pressures, the flaws of which the dimensions exceed i
12-inch-OD cylinders were found to have a 0.05 ich.

cyclic fatigue life of well in excess of 1,000 
•

dive cycles. Similar data needs to be gener- 2. As the acceptance cf ceramic pressure hulls I
ated for the 25-inch-OD cylinders as has been grows for ocean engineering applications in
generated for 12-inch-OD cylinders and the the future, periodic in-service inspection
25-inch-OD hemispheres documented in this techniques should be developed to ensure the

I
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structural integrity of the pressure housings focused on determining designs that will per-
throughout their operational lives. The use of form successfully for external pressure loads
portable hand-held ultrasonic thickness detec- associated with the full range of depths found
tors has been shown to be a reliable means of in the world's oceans. In order to gain further
finding internal discontinuities such as dela- acceptance by the ocean engineering commu-
minations associated with extensive cyclic nity, the capabilities of ceramic pressure-
fatigue of ceramic pressure hulls. If a ceramic housing assemblies to withstand dynamic
i hull section is inspeted and found to have loading associated with handling should also
crack growth that has extended meridionally be characterized.
in the shell wall beyond the encapsulating 4. Research should be initiated tha4 has as its
flanges of the metallic joint rings, it can be goal the development cf an economical non-
removed from further service and replaced destructive inspection procedure for the
with a new hull. dsrcieiseto rcdr o h

detection and measurement of residual
3. The majority of research performed for stresses in ceramic components introduced

ceramic pressure housings to date has by the sintering process.
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GLOSSARY NDE nondestructive evaluation
NOSC Naval Ocean Systems Center

AL-600 WESGO. 96-percent OD outside diameter
aluminum oxide composition PEEK poly-ether-ether-ketone

alumina aluminum oxide
ASL Arctic Submarine Laboratory ROV remotely operated vehicle

RTV room-temperature vulcanizing
FEA finite element analysis sealxnt

FEM finite elemeni models

flexural strength modulus of rupture SF safety factor (factor of safety)
specific strength strength-to-density ratio

GFR graphite fiber-reinforced SRI Southwest Research Institute

ID inside diameter t thickness

L Length tVOD thickness-to-outer-diameter

L/OD length-to-outer-diameter ratio ratio

MEK methyl ethyl ketone UUV unmanned underwater vehicle

MOR modulus of rupture W/D weight to displacement ratio
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Figure 1. Manufacturing steps for alumina-ceramic parts.
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r 5. I

I A, ! , 4

Figure 5. Isostatic pressing mold for 26-inch-housing alu-mina cylinders.

Figure 6. Hydrostatic pressure chamber used for pressing 26-inch-housingI

alumina components.

I
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II

I
i

Figure 7. Removal of cylinder alumina green body from
hydrostatic pressure chamber.

IL

i

Figure 8. Removal of cylinder alumina green body from isopress tooling.
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II ,I
' I

Figure 9. Isostatically pressed alumina-ceramic green body for
26-inch-housing placed in an oven for low temperature bakeout.

* I
I

,• I
S~I

I
I
I

Figure 10. Isostatic pressing mold for ?6-inch housino alumina hemispherical end
closures.
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IA

SFigure 15. Titanium alloy rolled ring forgings for 26-inch-housing
joint rings.

,

I

I Figure 16. Machining of titanium end-cap r o int ring for alumina hemispherical

end closure.
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Figre17 Wldngfitue or itnim ndca jin rng

AL -- ---- -- --- --- -

Figure 17 .Weldingdixuefr ttnu end-cap joint ring.I
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I 
______.....

I .... .
_r_ _ _ _ _ _ _ II

I _____

I 
_•

I Figure 19. Central stiffening joint ring.

I
II

Figure 20. Steel alloy billets for pressure test hemispherical end closures.

3
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Figur 21 Steieipeicledcoue I

I

rAM 0 456
I

Figure 22. Inserts for pressure eric valves in forward head assembly.
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Fiue2.IsrsfreetiaIonetr nfradha se by
...IAWý

Figure 23 . Cnsert s it ffalet iconetrsing forwr headc aossembl.
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FLRT CERAMIC SRMPLE

S/N C1

I .638"" PORES

II,

I

Figure 28. Pulse-echo ultrasonic C-scan of the 0.030-inch-pore NDE calibration standard.
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'I

I
I
I -

II

i to first cylinder bay.

I

I
I

I
I
I

Figure 34. Epoxy bonded central stiffener with assembly
fixtures.

51



I
FEATURED RESEARCH

S~I

Figure 35. First bay of cylindrical hull.

I__ r Ii

I

I

hull•Figure 36. Assembly preparation for first and second bay of the cylindricalhl

hull.
52I
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I
I
I
I

I Figure 37. Joining of first and second bay of the
cylindrical hull.I

I

I "

I

Figure 38. Clamping fixtures used for assemoly of
cylindrical hull.
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--4

S - l-

_-_i

Figure 39. 26-inch-housing alumina-ceramic cylindrical
hull. i

I
I

iI

I
Figure 40. Handling of the cylindrical hull for placement
into a horizontal position.
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I __ --------" -----

Figure 41. Cylindrical hull prior to attachment of composite
i fairings.

I

5 Figure 42. Attachment of external composite fairing to the cylindrical hull.

I
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________

43_ _ _ InenlIO* f2 -n hh uigcln rclh l

Figur fierods

Figure 44. Itra iwo 26-inch- housing cylindrical b ullwihetraco pse

f ait p y o drai ls ang .e r d s
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Figure 45. Packaging of 26-inch-housing cylindrical hull for shipment to

pressure-tosting facility at SRI.
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Figure 50. Axial bearing-surface spacer for forward and aft heads.

I

IMIN

Figure 51. Type 4 alumina hemisphere used in aft head assembly.
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d ,
I

Figure 52. Axial bearing-suriace Type 4 alumina hemisphere.
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I

I :

titanium end-cap joint ring.

IF

I

Figure 54. Assembly ofu ft he ad alui a ft hemisp

I tianiu endcap ointring
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Figure 56. 26-inch-housing aft head without protective external fairing.I

Figure 57. 26-inch-housing aft head with protective external fairing.I
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I

I
Ir

Oim
Figure 58. External view of 26-inch-housing forward head with protective external fairing.

Ii

IC

Figure 59. External view of 26-inch-housing forward head with protective external fairing
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FEATURED 
RESEARCH

I

Figure 73. Assembly of test fixture cage before pressure testing of 26-inch-

housing cylindrical hull assembly. IW ,I

SIaI

Figure 74. 26-inch-housng cylindrical huii mounted insEde
the pressure-test 'ixture
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Ki

St 2

Figure 75. Lowering of 26-inch-housing cylindrical hull into the 30-inch-
diameter pressure chamber at SRI. The test fixture centers the ceramic
hull inside the chamber.
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FEATURED RESEARCH

Figure 82. Lowering of the 26-inch-housingaihedsem
bly with test fixtures into the p. ,ssure chamber. The test fix-
ture keeps the housing from floating up in the chamber.

Figure 83. 26-inch-housing forward head assembly prior to plare-
ment into the test fixture.
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2- ;NCH -%JSING CYJINDRICAL ASSEMBIv PROOF TFST "TRAIN 6AGE DATA. U
°•• I.

ElNTRAL STIFFENE:R
SNER D!AMETEiý

2 2`

I
0 0 2x10 4  0 4x10 4  0 6x10 4  0 8x104  

1 OX104

IXTERNAL PRESSURE, PSI

Figur- 84. Hoop strains on the interior surface of the central stiffener used in the I
cylindrical hull assembly.

25 INCH HOUSING CYLINDRICAL ASSEMBLY PROOF TEST STRAIN GAGE DATA

3000

Z 21
wZ I

< 1000 I

AXIAL STRAINS FROM
CENTRAL STIFFENER INNER

DIAMETER

0 02x10 4  
0 4x104  0 6x104 0 8x10'4 13!0 4

EXTERNAL PRESSURE. PSI

Figure 85. Axial strains on the interior surface of the central stiffener used in the I
cylindrical hull assembly.
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1 26 INCH HOUSING CYLINDRICAL ASSEMBLY ACOUSTIC EM:SSIONS DATA

600

26 INCH HOUSING
PROOF TEST FAILS AT 9250 PSI
TO 10.000 PSI WHILE TRYING TO RE-

PROOF HOUSING TO
10.000 PSI

z 400_o\
LO PRESSURE VESSELI,_ BULKHEAD PENETRATO. \
O_ FAILS. # OF ACOUSTIC
LO EMISSIONS > 400
0
0

0 200

0 N
IX

1 0 1 2 3 4 5 6 7 8 9 10 11 12 13

CYCLE #
Figure 86. Acoustic emissions data for each pressure test performed on the cylindri-

I\

cal hull assembly.

U 26 INCH HOUSING CYLINDRICAL ASSEMBLY ACOUSTIC E:M!SSIONS DATA

01126 INCH HOUSING1500 FAILS AT 9250 PSI
WHILE TRYING TO RE-
PROOF HOUSING TO

2 10.000 PSI
Iii
LU

T1000 PRESSURE VESSELD ~BULKHEAD PENETRATO09

CYLE#

SII,

FAILS, OF ACOUSTIC

>_.j

,._ 50 0
L PD ROOF TEST

0O 10 000 PSI

0 1 2 3 4 5 6 7 6 9 10 11 12 13

CYCLE #
Figure 87. Cumulative acoustic emissions data for all pressure testing performed on
the cylindrical hull assembly.
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26 INCH HOUSING AFT HEAD PROOF TEST STRAIN GAGE DATA 3
0

"ROSETTE 16

-1000 ROSETTE 173

HOOP STRAINS FROM
INTERIOR SURFACE I

-"OF TYPE 4 ALUMINA ROSETTE 19

HEMISPHEREROET1
-2000

-ROSETTE 20

I
-3000

0 02x10 0 4x10' 0 6x104 0 8x10 4  10x104

EXTERNAL PRESSURE. PSI

Figure 88. Hoop strains on the interior surface of the dimensionally qualified Type 4
alumina hemisphere used in the af head assembly.

U
26 INCH HOUSING AFT HEAD PROOF TEST STRAIN GAGE DATA

0

1
"C-)

z -1000 17
C?'3
uLJ

ROSETTE 19 I
z MERIDIONAL STRAINS FROM-2000 INTERIOR SURFACE OF

TYPE 4 ALUMINA HEMISPHEREROSETTE 20

ROSETTE 16

-300010
0 0 2x100' 0 4x0' 0 6x10' 08x10' 10x1O

EXTERNAL PRESSURE. PSI j
Figure 89. Meridional strains on the interior surface of the dimensionally qualified
Type 4 alumina hemisphere used in the afthead assembly. U
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Figure 90. Periodic inspection of the aft head assembly
during pressure cycling to 9,000-psi external pressure.

26 INCH HOUSING FORWARD HEAD PROOF TEST STRAIN GAGE DATA

ROSET1TE 11

z -1000

z ROSETTE 13-15

HOOO STRAINS FROM
z INTERIOR SURFACE
< -2C00 OF TYPE 6 ALUMINA

HEMISPHERE

NO STRAINS RECORDED
OD ROSETTE 12

I-33000 x0

0 2x104 0 4x0C' 0 6x10 4  0 8x10, I0xl04

EXTERNAL PRESSURE. PSI

Figure 91. Hoop strains on the interior surface of the Type 6 alumina hemisphere
used in the forward head assembly.
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26 INCH HOUSING FORWARD HEAD PROOF TEST STRAIN GAGE DATA U
0 I

OSETTE 12 5Z -1000
Zn
C.)M ROSETTE 11
z
0_crt

cc -2000 R S T E 3 1-2 MERIDIONAL STRAINS ROSETTES 13-15

SFROM INTERIOR SURFACE
OF TYPE 6 ALUMINA
HEMISPHERE I

-300 0 0.2X10
4  

0.4X10 4  
0 6x104  

0"8X10 4  
1OX104

EXTERNAL PRESSURE. PSI

Figure 92. Meridional strains on the interior surface of the Type 6 alumina hemi-
sphere used in the forward head assembly.

I

Figure 93. The wall thickness of the Type 4 ceramic hemispheres was mea-
sured with a hand-held pulse-echo ultrasonic transducer. I

I
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Figure 94. External pressure housing consisting
of two Type 4 alumina hemispheres.

26 INCH HOUSING AFT HEAD (REJECT) PROOF TEST STRAIN GAGE DATA

0

ROSETTE 16

ROSETTE 17

S-1000

0 HOOP STRAINS FROM ROSETTE 19
INTERIOR SURFACE

< OF DIMENSIONALLY
~ 2000 DISQUALIFIED TYPE

4 ALUMINA HEMISPHERE

-3000
0 0.2x 104 0 4x104 0 6X104 0.8x 104 1 OX1O4

EXTERNAL PRESSURE. PS~

Figure 95. Hoop strains on the interior surface of the dimensionally disquali-
fied Type 4 alumina hemisphere intended for use in the af ha assembly.
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26 INCH HOUSING AFT HEAD (REJECT) PROOF TEST STRAIN GAGE DATA I
0

° I
rr-2000I ROSETTEE19E1I

-20 MERIDIONAL STRAINS FROM
INTERIOR SURFACE OF
DIMENSIONALLY DISQUALIFIED ROSETTE 20
TYPE 4 ALUMINA HEMISPHERE

ROSETTE 16

-3000
0 0.2x10A 0.4x104 06x10 4  088x10' 10x104

EXTERNAL PRESSURE. PSI

Figure 96. Meridional strains on the interior surface of the dimensionally dis-
qualified Type 4 alumina hemisphere intended for use in the aft head assem-
bly.

I

: j I

Figure 97. Removal of the exterior flange of the end-cap joint ring used on the dimen-
sionally qualified Type 4 alumina hemisphere for post-service ultrasonic inspection of
the bearing-surface region.
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Figure 98. FEA solid model of pressure-test configuration for the cylindrical hull
assembly.

Figure 99. FEA solid model of pressure-test configuration for aft head assembly using
a Type 4 alumina hemisphere.
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---

Figure 100. Minimum principal stresses at 9,000-psi external pressure in the alumina
cylinder used for the cylindrical hull assembly.

Figure 101. Maximum principal stresses at 9.000-psi external pressure in the alumina
cylinder used for cylindrical hull assembly.
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Figure 102. Minimum principal stresses at 9,000-psi external pressure itbie ype 4
alumina hemisphere used for the aft head assembly.

Figure 1. Mn

Fiurfae 103eMaimum ofteTprincialusrsesami00pixenalhepressureuedin the athdasebearin
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IT

A 4S

Figure 104. Minimum principal stresses at 9,000-psi external pressure in the Type 6
alumina hemisphere used for the forward head assembly.

-B-

Figure 105. Maximum principal stresses at 9,000-psi external pressure in the Type 6
alumina hemisphere used for the forward assembly.
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Table 1. Material property data for WESGO alumina-ceramic compositions.

WESGO
Technical Ceramics
and Metals

WesgoT Dense Alumina & Properties
Property Unit Temp. AL-500 AL-600 AL-300 AL-995
A12 0 3 Content % 94.0 96.0 97.6 99.5
Flexural Strength psi Room 50,000 53,000 43,000 45,000

MPa Temp. (RT) 345 365 296 310
Compressive Strength psi >300,000 >300,000 >250,000 >300,000

MPa R.T. > 2070 >2070 >1720 >2070
Density Ibs/M3  0.132 0.134 0.136 0.139

g/cc R.T. 3.67 3.72 3.76 3.86
Porosity % water vacuum fight vacuum tight vacuum fight vacuum tight

absorption 0.00 0.00 0.00 0.00
Color white white white white
Hardness Rockwell 45N 78 79 75 81
Thermal Conductivity BTU/ft hr°F 11.9 14.8 15.5 16.9

W/m*K R.T. 20.5 25.6 26.8 29.3
Coefficient ofLinear 25- 200'C 6.3 6.4 6.9 6.9
Thermal Expansion 10i'/*C 200*- 400"C 7.5 7.6 7.8 7.8

400*- 600°C 8.0 8.2 8.5 8.3
600W- 800'C 8.6 8.7 8.8 9.0
800"--1000°C 9.1 9.0 9.0 9.4

10-6/'F 77*- 3900 F 3.5 3.6 3.8 3.8
3900- 750'F 4.2 4.2 4.3 4.3

750°-1110°F 4.4 4.6 4.7 4.6
1110"--1470°F 4.8 4.8 4.9 5.0
1470°-1830"F 5.1 5.0 5.0 5.2

Maximum Working ýc 1600 1620 1650 1725
Temperature cF 2910 2950 3000 3150
Dielectric Strength D.C. voltsimil R.T. 650 675 1100 800

(.'"00" thick D.C. kilovolts/ 25.6 26.6 43.3 31.5
under oil) mm

Te Value °C >950 >950 > 1000 >975
'F >1740 >1740 >1800 >1790

Volume Resistivity ohm-cm 251C/77IF >1014 >i014 >W04 >104
3000 C/570"F 2.Ox10'2  2.Ox10I2  1.Oxlo' 2.0x10I 1

600"C/1110*F 4.6x109  5.2x109  2.3x1010  6.0x109

900"C/1650"F 3.5x10 6  4.1x10" 5.0xl09  2.5x106

Property Unit AL-500 AL-600 AL-300 AL-995
Dielectric 25c 3oTc 500oC 25C 300TC 5ooc 25Tc 300'C SOOoC 25'C 300Tc 50ooC
Constant I1SIHz 907 9.53 9.91 9 )1 9ai5 1111 9.M 9.91 10.14 9.V 992 10.211
K,) Il90lMl)7 9404 - -- 9-10 - - 9 O93 - - 9.301 - -.

850%Mihz 8 C99 9.26 9.401 916 9 it) 945 9(04 932 9 54 937 961 992

Dissipation 25Tc 300-C 500"c 25C 300TC soo'c 25TC 300'C 500TC 25T 300"C 500Tc
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(Tan 6) Il9KI.\IHz (1U062 - - 0V01044 - - 0 i16030 - -- (W14 - -

8.15,01.5 z 11I110078 O.10155 9 IXlISS 0.0156K)2 . 09195 Wt1(9121 l.I69345 0 OX1400 (IX9 72 0I 00009 (110014 0 ((1025

Loss Factor 25Tc 300:C 500-C 25'C 300TC -- o'C 257C 300c 500'C 25T 300TC 500'C
iK' Tan 61 l1\lHtz 101W236 U W11267 013369 0 1X1279 0 19-1,. 0 (13333 0."0:38 0119I5 W 11(61527 0 (IM-19 0 (100899 (OX)40,

It19(9tI-l, 11 I4561o - - )1110N4115 - - 111)(2710 - - I 11 L3 - -

85l935H1 4) (W17t t) 001165 00111457 11005 .5S 719 IiW 141 914 (iIN(U7 0 W11373 l1. 16X"7 01 O(L184 01(0K01:50.00245

113



FEATURED RESEARCH

APPENDIX A: MATERIAL PROPERTY
TEST DATA

A-1



I
FEATURED RESEARCH I
FIGURES 5
A-1. Compressive strength test data for cylinder part 544-3.

A-2. Flexural strength test data for cylinder part 544-3. 1
A-3. Density and compressive modulus data for cylinder parts 544-3 and 544-4. 3
A-4. Compressive strength test data for cylinder part 544-4. 1
A-5. Flexural strength test data for cylinder part 544-4.

A-6. Compressive strength test data for Type 4 hemisphere part -49-4. 3
A-7. Flexural strength test data for Type 4 hemisphere part 649-4.

A-8. Density and compressive modulus data for Type 4 hemisphere part 649-4. 3
A-9. Compressive strength test data for Type 6 hemisphere part 755-4.

A-1 0. Flexural strength test data for Type 6 hemisphere part 755-4. 1
A-11. Density and compressive modulus data for Type 6 hemisphere part 755-4. 3
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FMC Corporation

Corporate Technology Center
1205 Coleman Avenue MATERIALS ENGINEERING
Box 580 'RESULS E N O.NEER17G
Santa Clara California 95052 RESULTS RECORD NO. 930177
408 26-7, 2731

January 29, 1993 WFM C

RESULTS OF TESTING
ASTM D695

COMPRESSIVE STRENGTH

SERIAL NUMBER 464811102544-3

Specimen Ultimate Compressive Ultimate Compressive
Number Strength Strength

(lbs) (psi)

1 12,767 260,028
2 20,638 420,326
3 20,393 415,336
4 14,877 302,994
5 17,466 355,723
6 21,455 436,965
7 20,953 426,741
8 21,089 429,511
9 21,546 438,819
10 18,994 386,843

Test rate - 10,000 pounds/minute
Room temperature
Overall specimcn length - 0.500 inch, Specimen diameter - 0.250 inch

Tested by: 7,r."91

Figure A-1. Compressive strength test data for cylinder part 544-3.
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FMC Corporation I
Corporate Technology Center
1205 Coleman Avenue M
Box 580 MATERIAIS ENGINEERING
Santa Clara California 95052 RESULTS RECORD NO. 930177
408 -2,9 2731

January 29, 1993 aIFMCI
RESULTS OF TESTING

Federal Standard 1492 (4.point)
FLEXURAL STRENGTH

Serial No.: 464811102544-3 5
Specimen Load at Failure Modulus of Rupture
Number (Ibs) (psi)

1 123.2 39443
2 143.5 45942
3 123.4 39507 I
4 133.0 42580
5 139.4 44629
6 132.2 423249
7 143.7 46006
8 136.9 43829
9 135.4 43349
10 134.9 43189
11 141.4 45270
12 134.9 43189
13 133.8 42837 I
14 138.4 44309
15 131.1 41972
16 138.4 44309 3
17 139.3 44597
18 136.1 43573
19 134.6 43093

20 141.5 45302

Test rate - 0.02 inch/mniniteI
Room temperature I
Overall specimen length - 2.000 + 0.050 inch
Specimen breadth - 0.250 inch
Specimen depth - 0.125 inch

Tested by:.C-Ji,/t /h. 1
Figure A-2. Flexural strength test data for cylinder part 544-3. 3
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FMC Corporation

Corporate Technology Center
1205 Coleman Avenue
Box 580 MATERIALS ENGINEERING
Santa Clara California 95052 RESULTS RECORD NO. 930177
408 289 2731 I

January 29, 1993M

RESULTS OF TESTINGASTM D695
COMPRESSIVE STRENGTH

SERIAL NUMBER 464811019544.4

Specimen Ultimate Compressive Ultimate Compressive
Number Strength Strength

(tbs) (psi)

1 21,678 441,507
2 21,634 440,611
3 20,382 415,112
4 19,785 402,953
5 20,579 419,124
6 18,481 376,395
7 18,389 374,521
8 20,059 408,534
9 20,730 422,200
10 21,004 427,780

I
i
I

Test rate - 10,000 pounds/minute
Room temperature
Overall specimen length - 0.500 inch; Specimen diameter - 0.250 inch

Tested by:

Figure A-4. Compressive strength test data for cylinder part 544-4.
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I FMC Corporation
Corporate Technology Center
1205 Coleman Avenue
Box 58o MATERIALS ENGINEER0NG
Santa Clara California 95052 RESULTS RECORD NO. 930177
408 289 2731

1January 29, 1993 +M C
RESULTS OF TESTING

]Federal Standard 1492 (4-point)
FLEXURAL STRENGTH

SERIAL NO.: 464811019544-4

Specimen Load at Failure Modulus of Rupture
Number (lbs) (psi)

1 141.8 45398
2 134.5 43061
3 128.5 41140
4 141.7 45366
8 129 41300

I 6 138 44181
7 139.4 44629
8 138.1 44213
9 140.7 45046
10 139.1 44633
11 138.3 44Z77
12 134.9 43189
13 132.4 42388
14 140.3 44918
15 139.4 44629
16 124.8 39955
17 135.1 43253
is 122.1 39091
19 139.2 44565

20 140.4 44950

Tesi rate - 0.02 inch/minute
Room temperature
Overall specimen length - 2.000 + 0.050 inch
Specimen breadth - 0.260 inch
Specimen depth - 0.125 inch

I ~~Tested by ( i L~

Figure A-5. Flexural strength test data for cylinder part 544-4.
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FMC Corporation

Corporate Technology Center E
1205 Coleman Aveiio MATERIALS ENGINEERING
Box 580 RESULTS RECORD NO. 93-188 I
Santa Clara Calilomia 95052
408 289 2731

+MCI
RESULTS OF TESTING 3

ACMA Test #1
COMPRESSIVE STRENGTH

SerialNo: 4649F0315649-4 I
Ultimate Ultimate

Specimen Compressive Compressive
Number Strength (lbs) Diameter Area Strength (psi)

1 21,502 0.25 0.0491 438,000

2 20,297 0.25 0.0491 413,500

3 20,272 0.25 0.0491 413,000
4 19,448 0.25 0.0491 396,200

5 19,078 0.25 0.0491 388,700

6 19,455 0.25 0.0491 396,300
7 20,546 0.25 0.0491 418,600

8 19,272 0.25 0.0491 392,600
9 20,301 0.25 0.0491 413,600
10 20,730 0.25 0.0491 422,300

Average 409,300
Standard Deviation 14,700

Test rate - 10,000 pounds/minute I
Room temperature
Overall specimen length - 0.500 inch; Specimen diameter - 0.250 inch U

May 13, 1993 B. Kipp
PA 7MM7-011-16 2,)

Figure A-6. Compressive strength test data for Type 4 hemisphere part 649-4.
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FMC Corporation

Corpulale led is Ioluqy CGul,-ur
1205 Coleman Avenue MATERIALS ENGINEERING
Box 580 RESULTS RECORD NO. 93-188
Santa Clara Califouria 95052
408 289 2731

,FMC
RESULTS OF TESTING

Federal Standard 1492 (4-point)
FLEXURAL STRENGTH

Serial No: "4649F0315649-4

Specimen Load at Failure Modulus of Rupture
Number (Ibs) (psi)

1 158 50,584
2 162 51,865

3 146 46,742
4 166 53,145
5 161 51,545
6 163 52,185

7 170 54,426
8 172 55,066

9 153 48,984
10 159 50,904

11 131 41,940
12 165 52,825
13 143 45,782
14 157 50,264
15 156 49,944
16 143 45,782
17 171 54,746
18 150 48,023
19 162 51,865
20 155 49,624

Average 50,300
Std Deviation 3,300

Test rate - 0.02 inch/minute
Room temperature
Overall specimen length - 2.000 + 0.050 inch
Specimen breadth - 0.250 inch
Specimen depth - 0.125 inch Tested by:

Tetd By: . Kipp v •

May 13,1993
PA 7MM7-011-15

Figure A-7. Flexural strength test data for Type 4 hemisphere part 649-4.
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•MC Materials Engineering LaboratoriesM C 1205 Coleman Avenue * Box 580 * Santa Clara, CA 95052

TEST REPORT Page 4

ACMA Test #1

COMPRESSIVE STRENGTH

Serial No: 4744F0624755-4

Ultimate Ultimate
Specimen Compressive Diameter Area Compressive
Number Load (Ibs) (in.) (sq. in.) Strength (psi)

1 18,041 0.25 0.0491 367,500

2 16,357 0.25 0.0491 333,200

3 17,525 0.25 0.0491 357,000

4 19,854 0.25 0.0491 404,500

5 13,584 0.25 0.0491 276,700

6 18,785 0.25 0.0491 382,700

7 17,767 0.25 0.0491 361,900

8 19,404 0.25 0.0491 395,300

9 19,466 0.25 0.0491 396,600

10 15,785 0.25 0.0491 321,600

Average: 359,700
Std. Deviation: 37,800

Test rate - 10,000 pounds/minute
Room temperature
Overall specimen length - 0.500 inch; Specimen diameter - 0.250 inch

Anatyst 
KOP

Approved.:_________________

For more information about FMCs Materials Engineering Laboratories services, call (408) 289.0215

Figure A-9. Compressive strength test data for Type 6 hemisphere part 755-4.
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Materials Engineering Laboratories
M C 1205 Coleman Avenue * Box 580 * Santa Clara, CA 95052

TEST REPORT Page 1

CUSTOMER: Paula Davis CUST. PO NO: 14652 I
COMPANY: WESGO, Inc. FMC ACCT. NO: 7MM7-015-15

REPORT DATE: September 15, 1993 RIc LAB NO: 931634 II
Federal Standard 1492 (4-point)

FLEXURAL STRENGTH

Serial No: 4744F0624755-4 3
Specimen Load at Failure Modulus of Rupture
Number (Ibs) (psi)

1 164 52,505

2 156 49,944

3 155 49,624 3
4 149 47,703

5 147 47,063

6 169 54,106

7 141 45,142

8 147 47,063

9 175 56,027

10 176 56,347

11 164 52,505 3
12 142 45,462

13 151 48,343

14 165 52,825

15 153 48,984

16 156 49,944

17 157 50,264

18 158 50,584

19 157 50,264 I
20 161 51,545

Average: 50,300
Sid. Deviation: 3,000

Test rate - 0.02 inch/minute I
Room terrperature Analyst:
Overall specimen length -2.000,0.050 inch -,O'
Specimen breadth - 0.250 inch -
Specimen depth - 0.125 inch Approved: .

For more information about FMCs Materials Engineering Laboratories services, call (408) 289-0215

Figure A-10. Flexural strength test data for Type 6 hemisphere part 755-4.
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APPENDIX B: DIMENSIONAL RANGE
DATA FORMS
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I
FIGURES 3
B-1. Dimensional range data form for cylinder part 544-3.

B-2. Dimensional range data form for cylinder part 544-4. 1
B-3. Dimensional range data form for Type 4 hemisphere part 649-4.

B-4. Dimensional range data form for Type 6 hemisphere part 755-4, sheet 1.

IB-4. Dimensional range data form for Type 6 hemisphere part 755-4, sheet 2.
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, _____- or -- !, eIhd Brazing AIIoaVl;,f..; • •"3",--,,
DIMENSIONAL RANGE DATA FORM ... . 84,',•

N66001-92-C-0030 Housing,Cylindrical 25"o

-wipit; stumvin tGnAP111C) ISSUE ~Jr
55910-0127-544 - Rev. B /.::2 i -k/2-._

flANGE
Of rAWIING OItIENSION On NOTE HIm. 14AX. SAIMLE SIZE

, 31.90 t .010 '3z___ ,,2a 9

.90 ; .010 99 •Io _.

0 25.000 ; .005 _ _,_ _ 5. f
4. R..04 - .010 4PL.. -/If . -32 , L_,_"
;_. I -Dnn _ _A 1, -• ,, d -

6.

IA/ i_ ___1 _ I_,____ . , 5 .- 'Z'

1/ .010 .002 A A_ _ _,__

6, 2PL. -3 _ _

3. 161P/ 2PL. _.._ _

Serial N.?_ _ _ __ _ _ _ _ _ _ _ _ _

Visual Class A___ _____-_-____

,. Pnrn,, be Pee7-n/D

Contract # N66001-92-C-0030

# 0001 Code # 944

INSPECTOR -- ALI'rT ASSURANCE

Figure B-1. Dimensional range c.°a form for cylinder part 544-3.
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Technical Coerainli

DIHEtISIONAL nANGE DATA FORiM 10, AIo•,e .

N66001-92-- )030 Housing.Cylindrical 25"

55910-0127-544 - 4 Rev. P -//I

-ANGE

On AVVIOJ G L, Al~ |011 on IIOTE mItt. !iAX. SA~irLE SIZE

'. 31.90 + .010 _____._jOZ. -7 _

z..90 D .010 _9_.0 9 ___I

0 25.000 $ .CO( _s00-2 3 5. .. . .
4. R..04 - .010 4PL,___ -2.S _ _ _ _

._ 1 1.010 ý,.002 1 • ,1II _______ _ 2~2 P&~ L_._7
H.

i i. Candl i n__ Ve, "___,_he

17',, Porn ity b r.- r,)C I
ContrArt # N66001-92-Ci-O030
- eal0001 Code # 944#I

H•. PriyCTIt ). T _ __ _ ._ _ _ IIt

IOSPEýC'R QAL• ASSURANCEoAT? ,

Figure 6-2. Dimensional range data form for cylinder part 544-4. 3
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S~1~r -L. 1fiIVIS1OIIAL nANGE VArA rortit

fi) F'ARTIIANE Is.O
CERAMIC HEMI,TYPE 4

N66001-92- C:-O0Q~.__ _ BAT-T-ERY HOUSING
6RfAWIFIG Itiumoif IflA"'IgIC) 1%l Lor#5, ' / '6

55910-0127-649 B , ___ ____

- hAfIGE

3. 1 0n .00 ni_ _ _ _

6. SPHFRR 1 1 86~ _ _ _ _ _ _ _ _ _ _- _ _ _ _ _ _ _ _ _ _I~ ~ z -p. Q I ~QO A nK tC) ~ I~ ___

SPHE 4 R0 12---_ _ __ __ _ 5 74_ __ _

~~~~~ , q i_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

12- _ _ _ _ _ _ _ -/ -- -7_

i.VISUALS A6 C A~_ _ __ _ _ _

It. CANDLING (,I-___ _____ ______

20. POnROn;i TY y_____ e-____ ____4__

Contract#l N66001-§2-C-0030 Item II OD0lAC Code #I 944 tbn.3'6 Dcv35 (,Ago ) Aij Al/so Zijv- WID7'10 Qf TXl 15'L (211f221 W&

i'v 7~ 12 4Z-7~ ~) A~?'-VJ /.-/ ~ - fF WAC' (%-.i-r ?, - nAiLL/W
C'-6~,9((?'T A4Ju O' //o~ >,~-/ .1~~) ' ~)5, v7 4C r- !J 7',r eAý( Aý,

INSPEC[D .R QUAiYAS R EoA II CktftCO F ~Ito

3 Figure B-3. Dimensional range data form for Type 4 hemisphere parl 649-4.

B-



FEATURED RESEARCH

iIWESGo
iichnical Cera~Iajl 7)"DIMENSIONAL RANGE DATA FORM ihd Brazing Alloyseti(4.

;'-A 3, •. . o^'l° t, ýA I IAME sIo. 3
Ceramic Hemi Type 6

"456001-92-C-0030 Battery Housing ________

AwIAG mUmgEn IGnAr..' CI IS Iuf L
35910-0127-755 /B - 3

I1, ANGE
ORAWlIIG oIMEISI1OII On 14OTE Ij_,__ l. MAX. SAmsLE S!ZE

, 25.000 o "= ,_,?5.._ o_ __o_,___--,
0. 2 3.200 ± -• 3.2y .2. 5. --IOL
SI o.ooo (7It6_ - " I

- -A- r-- .00__ __ _ . &,_/
2.50 ± .01 m?..__5 Z5"

~.SPHFR R 11-s rea ____________

E. .563 ± .010 __. • , _ _I

P_4.00_±_2980 __________________

15* + V____________ _______

~.3,13 ± .010 S ._________ .0 ý . ________

3. 2.003 ± 2.005 =2 Z. A" a._ _"

,. 1Q 0 .040o(o®I5 A BI B _S ?a.

s. 1.0 / . 005 B_ _-_ _ _ _ _ _._ _ _ _ _

£0 .040 ns-FAi B-) V________~____

• R .030 ± .02 0. ,,0 Z.." •

900 ± WO __ __ _ __ _ __ _ 4't0 ~ ~ ~ -

~.16 IiI le.. _ _ _ _ _

Contrarct Nf;rnn1-q r--.nnn 7tegmi, 0o1An Code_ # 944

%# • ... , • " z o l Ze ':

INSPECTOR QUALITY ASSURANCE

Figure B-4. Dimensional range data form for Type 6 hemisphere part 755-4, sheet 1.
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;> ] Te~iichnical CerahiýV6 j!.. Z]
,, T. o or 6 1 nd Brazing All"g••7",'( '

OIMENSIONAL RANGE DATA FORM i b•-* AI .,r-m\4,

N66001-92-C-0030I Ceramic Hemi Type 6 4
_________________ Battery Hn,,din/

S...°""'"' .. : '"li wrZ# ._,,,4 "A7,55910o-o0127-649 B:o• 2•

IANGE

DRAWING DIHENSIOI OR NOTE H. HAX. SAHPLE SIZE

SERIAL NO.

- ,5H755w 004
-. VISUAL CLASS A _________

",. .ANDLING _ _-_ __-_ _

?. ?OROSITY ____- ____________ ________ ____-_-_

I _ ___ __'_ _ _

2.

I1 0.

Ccntract# N66001-92-C-0030 Item I 0O{01An rst A O&AI
I
I :

INSPECTOR IV ASSURANCE

Figure B-4. Dimensional range data form for Type 6 hemisphere part 755-4, sheet 2.
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